Technical  Document  260 


PROCEEDINGS  OF  CONFERENCE  ON 
ATMOSPHERIC  REFRACTIVE  EFFECTS 

ASSESSMENT 

23  — 25  January  1979,  San  Diego,  California 


JH  Richter 
Conference  Chairman 


Conference  Proceedings:  May  1973  — January  1979 


Prepared  for 
Naval  Material  Command 
Code  08T24 


Approved  for  public  release;  distribution  unlimited 


NAVAL  OCEAN  SYSTEMS  CENTER 
SAN  DIEGO,  CALIFORNIA  92152 


NAVAL  OCEAN  SYSTEMS  CENTER.  SAN  DIEGO.  CA  92152 


AN  ACTIVITY  OF  THE 
SL  GUILLE,  CAPT,  USN 

Commander 


NAVAL  MATERIAL  COMMAND 

HL  BLOOD 

Technical  Director 


ADMINISTRATIVE  INFORMATION 


Work  was  done  under62759,  ZF52551002.  NC'ND.  MP33.  from  May  1973  to 
January  1979. 


Released  by 
JH  Richter.  Head 
EM  Propagation  Division 


Under  authority  of 
.11)  Hightower.  Head 
Environmental  Sciences  Department 


UNCLASSIFIED 

SECURITY  CLASSIFICATION  OF  THIS  PAGE  r*Ti»n  D««  Enfrod) 


REPORT  DOCUMENTATION  PAGE 

READ  INSTRUCTIONS 

BEFORE  COMPLETING  FORM 

1.  REPORT  NUMBER 

NOSC  Technical  Document  260  (TD  260) 

2.  GOVT  ACCESSION  MO: 

lJ 

^ p £CIPIENT*S  CAT  AL  0 G N UMBER 

y i * * 7 . . 

4 TITLE  (mnd  Subtitle)  

5 i TYPE  Jy  REPOST  • FIIDOO  COV.REO 

i ..PROCEEDINGS  OF  CONFERENCE  ON  ATMOSPHERIC 
REFRACTIVE  EFFECTS  ASSESSMENT  23  - 25  JANUARY  I 

/ May  1973  - January  1979 

1979,  SAN  DIEGO,  CALIFORNIA  . 

6 PERFORMING  ORG.  REPORT  NUMBER 

/ . T kOR(  S . 

I JH  Rich*  Conference  Chairman 

■ c—'1  "’/  ' ’ I’t 

8.  CONTRACT  OR  GRANT  NUMBER^*) 

4 ' • "L  - 

» performing  organization  name  and  address 

Naval  Ocean  Systems  Center  / , 

San  Diego,  California  92152 

10.  PROGRAM  ELEMENT.  PROJECT.  TASK 
/ AREA  A WORK  UNIT  NUMBERS 

62759|ZF52551002/NCND 

MP3  3 

II.  CONTROLLING  OFFICE  NAME  AND  ADDRESS 

Naval  Material  Command 

Code  08T24  / / '^  , 

; v/  - ' - J, 

12.  REPORT  DATE 

15  June  1979 

13.  NUMBER  OF  PAGES 

172 

M MONITORING  AGENCY  NAME  » AODRESSfTI  dllloront  front  Controlling  Olllco) 

IS  SECURITY  CLASS,  (ol  thla  raport) 

Unclassified 

15«.  OECL  ASSIFIC  ATION  DOWNGRADING 
SCHEDULE 

16  DISTRIBUTION  STATEMENT  (of  thia  Report) 

Approved  for  public  release;  distribution  unlimited 

17  DISTRIBUTION  STATEMENT  (of  tha  mbatrmet  antarmd  In  Block  20,  1/  dlffaront  from  Raport) 

18  supplementary  notes 

19  KEY  WORDS  (Continue  on  ravataa  aid*  If  nacaaamry  mnd  Idmntlfy  by  block  numbmr) 

Anomalies-propagation  Refraction 

Ducts--propagation 

Electromagnetic  radiation 

Radar  clutter 

20  ABSTRACT  (Continue  on  ravataa  a! da  If  nacaaamry  mnd  Idantify  by  block  numbmr)  j 

Twenty-three  papers  presented  at  the  conference  on  atmospheric  refractive  effects  assessment 
are  reproduced  The  papers  cover  the  areas  of  Naval  operations  and  refractive  effects  assessment 
systems;  refractive  effects  modeling;  rcfractivitv  measurement  techniques  and  propagation  measure- 
ments; and  refractivity  forecasting  and  climatologies. 

X 

DD  , j2"M73  1473  Eo,TiONOF.HOv.iiio«OLm  UNCLASSIFIED*" 

SA.  01 02-LF -01 4-0601  — — C — — „ 

SECUPITY  CLASSIFICATION  of  this  PAO*  fW>an  !>•»•  •"••r •*) 


CONFERENCE  ON  ATMOSPHERIC  REFRACTIVE  EFFECTS  ASSESSMENT 
23-25  January  1979,  San  Diego,  CA 

page 

INTRODUCTION  iii 

SESSION  I:  Navy  Operations  and  Refractive  Effects  Assessment  Systems. 

Chairman:  Glenn  R.  Spalding,  Naval  Material  Command 

Richter,  J.  H.  , H.  G.  Hughes,  and  R.  B.  P.ose,  Electromagnetic 
Propagation  Assessment  1 

Hitney,  H.  V.,  Integrated  Refractive  Effects  Prediction  System  (IREPS) 
and  Environment/Weapons  Effects  Prediction  System  (E/WEPS)  13 

Clarke,  L.  and  W.  Per tie.  The  FLENUMWEACEN  Radar  Propagation 

Analysis  Model  19 

Hattan,  C.  P.,  Revised  FNWC  Radar  Propagation  Model  25 

Denbow,  K.  D. , CDR,  Operational  Employment  of  Airborne  Microwave 

Ref ractometer  29 


Refractive  Effects  Modeling 
Office  of  Naval  Research 


Chairman:  Dr.  Henry  Mullaney 


Cho,  S.  H.,  C.  G.  Migliora  and  L.  B.  Felsen,  Hybrid  Ray-Mode 
Formulation  of  Tropospheric  Propagation 


Pappert,  R.  A.  and  C.  L.  Goodhart,  Case  Studies  of  Tropospheric 
Propagation  in  Laterally  Homogeneous  Guides 


Sketchley,  J.  F 
and  Theory 


Maritime  Surface  Ducting:  UK  Measurement 


Snyder,  F.  P.,  Radar  Clutter  Under  Atmospheric  Ducting  Conditions 


Paulus,  R.  A.,  LT  and  H.  V.  Hitney,  Surface  Duct  Effects  on  Radar/ 
ESM  Detection  Range 


SESSION  III:  Refractivity  Measurement  Techniques  and  Propagation  Measurements 
Chairman:  Charles  E.  Jedrey,  Naval  Sea  Systems  Command 


Schmidt,  E.  T.,  Meteorological  Measuring  System  (MMS) 
and  Mini-Ref ractionsonde 


Dropsonde 


Motchenbacher , C.  D. , The  Mini-Ref ractionsonde  System  (MRS)  for 
Measuring  Refractive  Index 


Anderson,  K.  D.  and  H.  V.  Hitney,  Passive  Refractive  Index  by 
Satellite  Monitoring  (PRISM) 


Telford,  L.  E. , Measurement  of  Tropospheric  Refractive  Bending  at 
Low  Elevation  Angles  (paper  not  submitted) 


Skillman,  J.  L.  and  D.  R.  Woods,  Experimental  Study  of  Elevated  Ducts  93 


Clarke,  J. , A Proposal  to  Investigate  the  Incidence  of  Anomalous 
Propagation  in  the  North-Western  Atlantic  (discussion  contribution) 


page 

SESSION  IV:  Refractivity  Forecasting  and  Climatologies.  Chairman:  Dr.  Alan  I. 


Weinstein,  Naval  Environmental  Prediction  Research  Facility 

Burk,  S.  D.,  Refractive  Index  Profile  Evolution:  A Numerical 

Model  Study  109 

Lowe,  P.  R. , Climatology  of  Evaporation  Duct  Probabilities  115 

Sweet,  W. , Assessment  of  Microwave  Propagation  in  the  Lower 

Troposphere  from  Large  Scale  Model  Output  121 

Helvey,  R.  A.,  Diagnosis  of  Elevated  Ducts  by  Means  of  Equivalent 
Altitude  127 

Rosenthal,  J.  and  R.  A.  Helvey,  Some  Synoptic  Considerations 

Relative  to  the  Refractive  Effects  Guidebook  (REG)  135 

Helvey,  R.  A.,  A Preliminary  Assessment  of  Temperature-Induced 

Radiosonde  Humidity  Errors  and  Effects  on  Apparent  Low-Level 

Refractive  Structures  157 

Ortenburger,  L.  N. , World-Wide  Statistics  of  Tropospheric  Ducting 
Characteristics  165 


INTRODUCTION 


The  effect  of  atmospheric  refraction  on  shipboard  radars  was  noticed  as  early  as 
the  first  radars  became  operational  toward  the  end  of  World  War  II.  In  the  years 
following,  extensive  theoretical  and  experimental  investigations  led  to  a good 
qualitative  understanding  of  the  phenomenon.  However,  the  difficulty  in  obtaining 
precise  geophysical  measurements  and  the  mathematical  complexity  required  for 
quantitative  performance  calculations  prevented  operational  assessments  of  refractive 
effects.  Between  1950  and  1970,  a number  of  refractive  effects  manuals  were  developed 
which  proved  too  cumbersome  and  complex  for  routine  operational  use.  In  recognition  of 
the  increased  importance  of  refractive  phenomena  on  Fleet  Operations,  COMTH I RDFLT 
arranged  in  May  1973  for  a Navy  conference  on  "Refractive  Effects  on  E] ectromagnetic 
Propagation"  with  the  purpose  to  review  the  status  and  to  influence  future  direction  of 
refractivity  measurement  and  assessment.  As  a result  of  this  meeting  an  ad  hoc  group  on 
refractivity  problems  was  tasked  by  CNO  to  prioritize  the  findings  and  coordinate  the 
Navy's  effort  in  refractive  effects  assessment.  In  November  1973,  the  ad  hoc  group 
recommended  the  development  of  new  refractivity  sensors,  refractivity  forecasting 
techniques,  increased  training  of  Navy  personnel  and  a real-time  shipboard  assessment 
system.  A little  over  four  years  have  passed  during  which  the  RsD  community  performed 
work  in  the  recommended  areas.  We  are  today  at  the  point  where  a number  of 
accomplishments  produced  by  this  effort  are  being  used  under  operational  conditions  and 
an  even  greater  number  are  ready  for  shipboard  use.  It  seems  to  be  appropriate  and 
timely  to  bring  the  R&D  and  the  Navy  operational  community  together  to  review  the  status 
of  refractivity  assessment,  to  coordinate  fleet  implementation  and  to  optimize  usage  of 
refractivity  information. 
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ABSTRACT 


ments  and  geometries  under  existing  and, 
potentially,  also  forecast  geophysical  conditions. 
The  status  of  assessment  systems  for  ionospheric 
radio,  tropospheric  radio  and  EO  propagation  and 
sensing  requirements  of  geophysical  input 
parameters  are  discussed. 


The  concept  of  electromagnetic  (EM) 
propagation  assessment  systems  and  their  present 
status  are  described.  Specifically,  systems  for 
ionospheric  radio,  tropospheric  radio,  and 
electrooptical  (EO)  propagation  are  presented. 
Some  of  the  sensing  requirements  of  geophysical 
input  parameters  are  discussed. 


PROPAGATION  ASSESSMENT  SYSTEMS 


Independent  of  the  location  within  the 
frequency  spectrum  and  the  specific  application 
(e.g.  surveillance,  communications,  navigation, 
etc.)  all  propagation  assessment  systems  share  some 
basic  features.  All  deal  with  the  geophysical 
environment;  all  require  a careful  analysis  of  the 
sensitivity  of  the  systems  addressed  to 
environmental  parameters  (which  in  turn  defines 
geophysical  sensing  requirements) ; all  require 
verified  models  which  relate  environmental 
conditions  to  systems  performance;  all  need 
carefully  planned  operational  implementations 
involving  optimum  hardware  selection,  man-machine 
interface  questions,  optimum  displays,  interface 
with  other  existing  or  planned  equipment;  and, 
finally,  all  have  to  demonstrate  that  they  are 
affordable  by  either  proving  a quantitative  pay-off 
through  actual  savings  or  by  showing  increased 
tactical  or  strategic  capabilities.  In  recognition 
of  the  commonality  of  these  basic  features,  the 
Navy  has  established  an  exploratory  development 
program  in  "Atmospheric  Effects  on  EM/EO 
Propagation"  which  is  managed  by  the  Naval  Ocean 
Systems  Center.  A significant  portion  of  the 


INTRODUCTION 


Any  system  which  relies  on  propagation  of 
electromagnetic  including  electrooptic  waves  in  the 
earth's  environment  is  to  some  extent  propagation 
limited.  There  are  a number  of  examples.  Solar 
disturbances  affectinq  the  ionosphere  can  result  in 
complete  disruption  of  the  Navy's  vital  high 
frequency  (hf)  communications  and  surveillance 
network.  Refractive  layers  in  the  lower  atmosphere 
can  cause  "holes"  in  shipboard  radar  coverage. 
Oceanic  ducting  phenomena  may  be  exploited  for 
over-the-horizon  detection  capabilities.  Aerosols 
(clouds)  are  often  the  limiting  factors  in 
electrooptical  systems.  A mere  qualitative 
understanding  of  atmospheric  effects  on  EM/EO 
propagation  is  not  sufficient  for  optimum 
deployment  of  military  systems.  Therefore,  the 
concept  of  real-time  assessment  systems  useable 
under  operational  conditions  has  been  developed. 
These  systems  are  based  on  mini-  or  microcomputers 
with  interactive  graphic  displays  providing 
quantitative  performance  data  for  specific  equip- 
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Table  1.  Status  and  Plans  for  EM/EO  Assessment  Systems 


effort  under  this  program  is  in  support  of  a family  propagation  assessment  and  forecasting  terminal 

of  assessment  systems  listed  in  Table  1 (Richter,  (PROPHET)  has  been  developed  which  accepts  space 

et  al.,  1979).  In  the  area  of  ionospheric  radio  environmental  data  from  a variety  of  sensors  and 

propagation  the  PROPHET  (pseudoacronym  for  provides,  real-time,  quantitative  data  of  systems 

propagation  forecasting  terminal)  system  (Richter,  performance  under  operational  conditions.  The 

Rothmuller,  Rose,  1977)  has  demonstrated  its  various  emissions  during  a solar  flare  and  their 

utility  in  initial  deployments  at  a Naval  effects  on  the  ionosphere  are  schematically 

Communications  Station.  CLASSIC  PROPHET  is  a indicated  in  Figure  1.  Ultraviolet  and  x-ray 

smaller  desk  top  calculator  version  specifically  radiation  reach  the  ionosphere  a few  minutes  after 

geared  to  tactical  applications.  A limited,  non  the  eruption  of  a flare  and  cause  increased  D-layer 

real-time  propagation  assessment  capability  has  ionization  with  resulting  increased  absorption  for 

been  incorporated  into  FOTACS  (Fleet  Operational  hf  frequencies.  With  a delay  of  up  to  several 

Telecommunications  Automated  Control  System,  hours  high  energy  protons  and  a-particles  also 

Caldwell,  1978)  which  shortly  will  be  installed  in  cause  increased  D-layer  ionization  and  resulting  hf 

all  Navy  CAMS  (Communications  Area  Master  Station) . absorption,  mostly  in  the  polar  regions,  which  is 

FOTACS  is  a forerunner  for  a comprehensive  the  reason  that  this  phenomenon  is  called  polar  cap 

frequency  management  system  which  should  include  absorption  (PCA) . One  or  two  days  after  a flare, 

all  present  and  planned  PROPHET  capabilities.  low  energy  plasma  reaches  the  ionosphere  causing 

magnetic  storms,  aurorae,  increased  D-layer 
In  the  area  of  tropospheric  radio  propagation,  ionization  and  enhanced  ionization  in  the  E-layer 

the  Integrated  Refractive  Effects  Prediction  System  of  the  ionosphere  (sporadic  E) . All  the  solar 

(IREPS)  (Richter  and  Hitney,  1977)  has  undergone  flare  emissions  need  to  be  known  if  one  wants  to 

further  development  and  a smaller  version  using  a calculate  and  forecast  their  effects  on  the 

desk  top  calculator  has  been  made  available.  This  ionosphere  and  the  resulting  communication, 

represents  an  interim  version  of  an  surveillance,  electronic  warfare,  or  navigation 

Environment /Weapons  Effects  Prediction  System  systems  performance.  However,  most  of  the 

(E/WEPS) . The  operational  implementation  of  E/WEPS  radiation  or  particles  never  reach  the  surface  of 

may  be  in  the  frame  of  a Shipboard  Environmental  the  earth;  they  have  to  be  measured  before  they  are 

Support  Center  (SESC)  which  includes  meteorological  absorbed  in  the  ionosphere.  This  is  being  done  by 

information  and  displays  (e.g.  the  Naval 
Environmental  Display  Station  or  NEDS)  and 
underwater  acoustic  propagation  assessment. 


3.  IONOSPHERIC  RADIO  PROPAGATION  ASSESSMENT 

Radio  propagation  in  the  frequency  range  below 
approximately  50  MHz  is  dependent  on  ionospheric 
conditions.  The  composition  and  structure  of  the 
ionosphere  is  primarily  influenced  by  solar 
emissions  and  is  quite  predictable  if  those 
emissions  remain  constant . However,  during  solar 
disturbances , ionospheric  conditions  change  so  that 
communication  links  may  be  interrupted, 
surveillance  systems  may  be  rendered  useless  and 
navigation  systems  may  be  grossly  inaccurate  (Rose, 
et  al.,  1971).  The  space  environmental  processes 
affecting  ionospheric  propagation  are  quite  complex 
and  an  extensive  numerical  computational  capability 
is  required  for  the  quantitative  assessment  of 
communications  or  surveillance  ranges  and 


navigation  corrections.  To  accomplish  this  task,  a 


FLARE  EMISSIONS  AND  IONOSPHERE  EFFECTS 


environmental  prediction  terminal. 


a number  of  satellites  (e.g.  GOES;  SOLRAD  HI).  The 
solar/space  environmental  data  measured  by 
satellites  and  telemetered  to  ground  receiving 
stations  are  relayed  to  the  Naval  Ocean  Systems 
Center  (NOSC)  where  they  are  combined  with  similar 
complementing  data  from  the  NOAA  Space 
Environmental  Services  Center  at  Boulder,  CO  and 
the  Air  Force  Glc'al  Weather  Central  at  Offutt  AFB, 
NE.  All  information  is  sorted,  decoded  if 
necessary,  and  converted  into  a format  useable  for 
propagation  assessment/propagation  forecasting 
(PROPHET)  terminals.  The  first  of  these  terminals 
was  installed  at  the  Naval  Communications  Station, 
Stockton  in  fall  1976  for  a test  and  evaluation 
period.  Figure  2 illustrates  the  information  flow 
geographically.  Figure  3 further  illustrates  this 


concept.  On  the  left  hand  side,  various  inputs  are 
depicted  which  range  from  on-site  ground  based 
sensors  (such  as  solar  radiometers  and  ionospheric 


Figure  1.  Solar  flare  emissions  and  their  effect 
on  the  ionosphere. 


an  asterisk  in  the  map)  this  is  the  eastern 
Pacific.  At  the  upper  left  hand  corner  a smaller 
graph  is  displayed  and  labeled  SOLAR  ACTIVITY. 
This  graph  displays  the  solar  1-8$  x-ray  flux 
received  during  the  past  hour.  The  communications 
controller  enters  -he  geographic  coordinates  of  the 
ships  with  which  he  wants  to  communicate.  After  he 
has  done  this,  the  ships'  position  and  their  names 
appear  on  the  map  including  the  frequency  band 
which  can  be  used  based  on  the  real  time  space 
environmental  data  stream  input  into  PROPHET.  From 
this  display,  the  communications  controller  can  see 
that  he  has  to  use  a frequency  between  6.2-12.9  MHz 
in  order  to  communicate  with  the  ship  Enterprise. 
The  frequency  of  optimum  transmission  (FOT)  is  8.8 
MHz.  The  map  and  its  information  is  updated  every 
few  minutes.  The  information  shown  in  Figure  4 may 
also  be  displayed  in  tabular  form,  as  shown  in 
Figure  5,  which  is  a useful  presentation  when  many 
communication  circuits  are  being  controlled  at 
once. 
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Figure  3.  PROPHET:  information  flow  and  products 
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sounders) , to  satellite  sensors,  as  well  as  data 
and  support  from  the  Air  Force  and  NOAA.  The  input 
data  are  sorted,  converted  and  relayed  to  various 
propagation  forecast  terminals.  On  the  right  hand 
side  of  Figure  3 a few  applications  are 
illustrated.  They  cover  hf  and  vlf  communications, 
ionospheric  scintillations  affecting  satellite 
(ommunication,  vlf  navigation,  command  and  control 
advisory,  and  many  others.  A PROPHET  terminal 
itself  consists  of  a stand  alone  minicomputer 
system  with  an  interactive  graphic  display  and  a 
hard  copy  unit.  The  minicomputer  used  is  a 
AN/lJYK-20  supported  by  two  magnetic  tape  drives. 
An  additional  input/output  capability  is  provided 
by  a teletype  and  paper  tape  reader/punch. 
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Figure  5.  Tabular  presentation  of  the  information 
in  Figure  4. 


A very  important  PROPHET  capability  is  the 
ability  to  produce  ray  traces  which  depict  the  path 
of  the  electromagnetic  wave  fronts.  Figure  6 is  an 
example  of  a ray  trace  diagram  over  a 3000  km  path. 
A number  of  important  propagation  features  are 
evident  from  this  presentation.  No  communications 
are  possible  for  ranges  out  to  approximately  1250 
km.  This  so-called  skip  zone  may  be  of  advantage 
if  an  unwanted  receiver  is  located  within  this 
range.  Focusing,  i.e.  several  rays  are 
concentrated  in  a small  area,  occurs  between 
1250-1350  km  and,  because  of  the  different  travel 
times  of  the  rays,  signal  degradation  through 
interference  may  be  expected.  A similar 
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Figure  4.  PROPHET  display  of  hf  propagation 
between  Naval  Communications  Station  (asterisk  at 
121  W,  38  N)  and  various  ships. 


One  major  objective  in  the  development  of  the 
PROFHKT  products  was  simplicity  in  presentation  and 
ease  in  operation  and  understanding.  Figure  4 is 
an  example  of  how  these  objectives  were  met.  On 
the  graphic  display  a map  appears  of  the  area  of 
concern  for  the  communications  controller.  For  the 
Naval  Communications  Station  at  Stockton  (shown  by 


Figure  6.  PROPHET  ray  trace  presentation, 


interference  must  be  expected  at  larger  ranges 
(2500-2700)  where  rays  deflected  once  from  the 
ionosphere  and  rays  deflected  twice  (after  being 
reflected  from  the  ocean's  surface)  are 
super imposed.  Another  application  of  the  ray  trace 
picture  is  the  selection  of  specific  antennas 
having  launch  angles  favoring  desired  rays  and 
suppressing  undesired  rays  for  a particular  optimum 
coverage  situation. 


Finally,  the  PROPHET  terminal  has  stored 
extensive  statistical  information  which  is 
otherwise  usually  available  in  look  up  tables. 
Figure  8 shows  a PROPHET  display  of  predicted 
propagation  link  performance  based  on  statistical 
information.  The  maximum  useable  frequency  (MUF) , 
the  lowest  useable  frequency  (LUF)  and  the  FOT  are 
displayed  both  in  tabular  form  and  graphically  for 
the  particular  propagation  path  of  concern.  It  is 
believed  that  easy  retrieval  of  information  from 
large  data  bases  and  the  simplification  of 
bookkeeping  chores  frees  the  operator  for  more 
creative  tasks  and  increases  his  or  her  efficiency. 
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The  primary  emphasis  with  PROPHET  has  been  on 
hf  communications.  Even  though  hf  communications 
represents  only  a small  portion  of  the  Navy's  total 
communications  capability,  the  need  for  accurate 
propagation  assessment  will  increase  in  the  future 
for  several  reasons.  First,  it  can  be  shown  that 
sizeable  electric  power  consumption  savings  can  be 
achieved  by  radiating  optimum  power  levels  for 
respective  propagation  conditions  and  providing 
area  coverage  without  redundant  transmitters.  Both 
can  be  done  with  accurate,  real-time  propagation 
assessment  information.  Secondly,  the  lesser  use 
of  the  hf  spectrum  reduces  the  available  number  of 
qualified  operators  having  long  experience  and  good 
understanding  of  propagation  phenomena.  Again, 
PROPHET  can  replace  this  capability.  Thirdly,  any 
further  reduction  in  available  frequencies  in  the 
hf  spectrum  and  transmission  facilities  will 
require  a more  efficient  management  of  the 
available  resources  which  can  be  achieved  only  by  a 
PROPHET  concept. 


Figure  7.  LOF  recovery  prediction  for  a solar 
flare  event. 


The  correlation  between  1-8A  x-ray  flux  and 
the  lowest  observed  frequency  (LOF)  led  to  the 
development  of  am  empirical  model  which  permits  the 
prediction  of  the  LOF  as  soon  as  the  peak  x-ray 
flux  has  been  reached  (Rose,  et  al.,  1974).  This 
capability  has  important  implications.  Figure  7 is 
an  example  of  a high  x-ray  flux  associated  with  a 
flare  which  has  stabilized  in  the  last  few  minutes. 
If  for  instance  a communications  path  had  been 
operated  prior  to  the  flare  at  a frequency  of  6 
MHz,  then  it  would  take  over  three  hours  until 
communication  could  be  resumed  at  this  frequency. 
If,  however,  the  frequency  would  be  changed  to  15 
MHz,  communications  could  be  re-established  in  only 
a few  minutes.  The  recognition  that  a solar  flc*re 
(and  not  equipment  failure)  was  the  cause  of  the 
communications  blackout  and  the  knowledge  of  when 
to  resume  communications  as  a function  of  frequency 
is  of  critical  operational  importance. 


Besides  the  hf  communications  aspects,  another 
potentially  very  important  capability  has  been 
incorporated  into  PROPHET  for  correcting  the  Omega 
navigation  system  under  disturbances  of  the  polar 
ionospheres  (for  so-called  Polar  Cap  Absorptions  or 
PCAs  caused  by  particles  emitted  from  the  sun  and 
concentrated  by  the  earth's  magnetic  field  around 
the  poles) . An  example  of  a resulting  position 
error  is  shown  in  Figure  9 in  which  the  actual 
position  may  be  in  error  by  as  much  as  7-8  nmi. 
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Figure  9.  Omega  location  error  for  a PCA  with  and 
without  corrections. 


Models  have  been  developed  (Argo,  1975)  and 
implemented  into  PROPHET  which  correct  for  these 
disturbances  so  that  Omega  retains  its  specified 
accuracy  of  +1  nmi.  The  particular  example  in 
Figure  9 is  based  on  hyperbolic  ranging  using  the 


Figure  8.  Propagation  link  performance  prediction 
for  undisturbed  ionospheric  conditions. 
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Omega  stations  in  Norway  d Hawaii.  It  should  be 
pointed  out  that  disturbar.v.  s of  this  kind  can  last 
for  days.  Figure  10  shows  the  oceanic  areas 
affected  by  a PCA  and  the  corrective  measures 
required.  This  kind  of  a correction  may  become  of 
increased  importance  should  commercial  air  carriers 
replace  expensive  inertial  navigation  systems  with 
much  cheaper  omega  receivers.  Densely  traveled 
routes  (like  the  North  Atlantic)  most  certainly 
require  corrective  measures. 


• OMEGA  STATIONS 
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Figure  10.  PCA  effects  on  Omega  coverage  for 
oceanic  areas. 


A special  version  of  PROPHET  called  CLASSIC 
PROPHET  (Rose,  1976;  Rose  and  Martin,  1977;  Rose, 
Martin  and  Levine,  1978)  has  been  developed  for 
tactical  applications  using  a graphics  capable  desk 
top  calculator  (Tektronix  4051) . Figure  11  shows 
the  information  flow  and  examples  of  presentations. 
Unlike  PROPHET  which  receives  real-time  satellite 
sensed  environmental  data,  CLASSIC  PROPHET  requires 
manual  input  of  this  information.  Examples  of 
CLASSIC  PROPHET  products  are  shown  on  the  bottom  of 
Figure  11.  For  example,  on  the  left  side  a display 
shows  the  hf  bands  that  can  be  received  by  a number 
of  stations  for  a given  transmitter  location.  This 
information  can  be  readily  used  to  select  a 
transmission  frequency  to  eliminate  or  minimize 
reception  by  unwanted  receivers.  The  other  two 
displays  on  the  bottom  of  Figure  11  show  bearing 
quality  (variance  of  bearing  angle  for  direction 
finding)  on  the  ordinate  versus  time  and  frequency 
respectively.  These  displays  may  be  used  to  select 
either  times  of  transmission  or  frequencies  that 
result  in  either  poor  to  good  fixes  for  direction 
finding  applications.  Initial  operational  use  of 
CLASSIC  PROPHET  systems  has  convincingly 
demonstrated  the  excellent  utility  of  such  systems. 

The  eventual  capability  and  configuration  of 
the  PROPHET  concept  has  not  been  4 jlly  defined  yet 
and  will  strongly  depend  on  further  test  and 
evaluations  in  an  operational  environment.  Table  2 
lists  the  models,  their  application,  their  purpose 
and  status  for  FOTACS,  the  present  PROPHET  and  its 
future  version.  Present  plans  call  for  the 
deployment  of  three  units  and  a test  and  evaluation 
period  of  approximately  three  years.  At  the  end  of 
this  period  decisions  will  be  made  as  to  which 
models  listed  in  Table  2 will  be  made  in  a final 
operational  implementation  which  will  be  part  of  a 
frequency  management  system. 
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Figure  11.  CLASSIC  PROPHET  information  flow  and  displays. 
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Tabic  2.  Present  and  Future  PROPHET  Capabilities 
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TROPOSPHERIC  RADIO  PROPAGATION 
ASSESSMENT 

Non-standard  variations  in  the  vertical 
distribution  of  water  vapor  (and  to  a lesser  degree 
of  temperature  and  pressure)  may  result  in 
atmospheric  layers  which  refract  electromagnetic 
waves,  thereby  altering  their  expected  propagation 
paths.  This  phenomenon  is  schematically 
illustrated  in  Figure  12.  The  waves  emanating  from 
a shipboard  radar  are  refracted  by  a layer  in  such 
a way  that  an  area  above  the  layer  may  be 
illuminated  insufficiently  for  the  detection  of  an 
airborne  target  thereby  creating  a "hole"  in  radar 
coverage.  At  the  same  time,  energy  may  be  ducted 
beyond  the  horizon  and  be  intercepted  at 
unexpectedly  distant  ranges.  A propagation 


Figure  12.  Schematic  presentation  of  the  effects  a 
refractive  layer  may  have  on  a shipboard  radar. 


Figure  13  shows  a block  diagram  of  the  I REPS 
information  flow.  A stand  alone  minicomputer 
system  with  an  interactive  graphic  display  accepts 
environmental  information  from  meteorological 
balloons  (radiosonde) , aircraft  mounted 
refractometers,  and  surface  observations.  Stored 
in  the  computer  are  the  parameters  of  the 
surveillance,  conmuni cat ions,  electronic  warfare, 
and  weapons  systems  of  concern.  In  addition, 
extensive  climatological  data  are  stored  which 
permit  a statistical  assessment  of  refractive 
conditions  as  a function  of  geographic  area  and 
season.  With  this  information,  IREPS  provides  a 
number  of  products  which  are  designed  to  be  easily 
understood  and  immediately  useful  to  the  operator. 
A detailed  description  of  IREPS,  its  present  and 
future  capabilities  are  given  in  a companion  paper 
by  Hitney  (1979)  and  shall,  therefore,  not  be 
discussed  any  further  in  this  paper. 

5.  ELECTROOPTICAL  PROPAGATION  ASSESSMENT 

A significant  concentrated  and  coordinated 
effort  has  started  within  the  Navy  to  assess  the 
performance  of  electrocptical  systems.  Table  3 
lists  examples  of  EO  systems  and  the  reasons  for 
which  they  are  attractive  to  the  Navy.  The  special 
capabilities  offered  for  the  various  applications 
in  Table  3 have  to  be  weighed  against  the  serious 
performance  degradations  that  EO  systems  may 
experience  as  a result  of  changing  environmental 
conditions.  A Navy  wide  coordinated  effort  for  EO 
systems  performance  has  been  described  by  Schefer 
(1977).  Additional  coordination  and  guidance  has 
since  been  provided.  Specifically,  the  Under 
Secretary  of  Defense  for  Research  and  Engineering 
has  formulated  six  goals  to  be  followed  by  the 
three  different  services  (Army,  Navy,  Air  Force). 
The  goals  are: 


assessment  system  for  real-time  shipboard 
assessment  of  these  phenomena  has  been  developed 
and  is  known  as  the  Integrated  Refractive  Effects 
Prediction  System  (IREPS)  (Hitney  and  Richter, 
1976;  Hitney  and  Richter,  1977;  Richter  and  Hitney, 
1977)  . 


INTEGRATED  REFRACTIVE  EFFECTS 
NQSCO  PREDICTION  SYSTEM  IREPS 


Figure  13.  Block  diagram  of  IREPS  information  flow 
and  products. 


• Relate  atmospheric  transmission  effects  to 
sensor  system  performance. 

• Accurately  model  the  propagation  effects  of 
naturally-occurring  and  man-made  aerosols. 

• Relate  the  production,  transport,  and 
dissipation  of  naturally-occurring  aerosols  to 
measurable  or  predictable  meteorological 
parameters. 

• Accurately  model  the  propagation  effects  of 
atmospheric  molecular  absorption. 

• Assess  the  performance  of  weapons  systems 
based  on  validated  propagation  models  applied  to 
historical  or  derived  standard  meteorological 
measurements  or  models. 

• Develop  atmospheric  sensor  systems  to 
support  EO  systems  operations. 

The  fundamental  nature  of  these  goals  reflects  the 
fact  that  much  of  the  basic  knowledge  in  the  area 
of  EO  propagation  is  still  missing.  This  coupled 
with  the  fact  that  there  are  presently  no 
operational  shipboard  EO  systems  in  the  Navy 
results  in  a different  emphasis  on  EO  assessment 
system  development  than  for  the  systems  previously 
described.  Consequently  the  major  emphasis  is 
presently  on  development  and  verification  of 
nodels,  sensitivity  analyses,  and  sensor 
development. 
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APPLICATION 

CAPABILITY 

IMAGING  (e.g.  low  light  level  television, 
forward  looking  infrared  system) 

passive  surveillance  (covertness) , 
night  vision,  high  resolution 

SEARCH  AND  TRACK  (e.g.  infrared  search 
and  track  system) 

RANGING  (e.g.  laser  range  finder) 

high  pointing  accuracy 

DESIGNATING  (e.g.  laser  designator) 

COMMUNICATIONS  (e.g.  ship  to  ship,  ship 
or  satellite  to  submarine  communication 
system) 

covertness,  water  penetration 

Table  3.  EO  Systems  of  Navy  Interest 


Figure  14.  Aerosol  extinction  coefficient 
variations  with  altitude  based  on  measured  dropsize 
distributions  and  on  LOWTRAN  3B. 


Of  the  atmospheric  parameters  affecting  EO 
propagation  (e.g.  aerosols,  molecular  absorption, 
turbulence,  refraction)  aerosols  extinction  is  the 
key  problem  in  the  Navy's  EO  propagation  program. 
For  example,  in  Figure  14  the  aerosol  extinction 
coefficient  for  the  3-5  urn  band  is  plotted  as  a 
function  of  altitude.  The  solid  line  is  calculated 
from  dropsize  distribution  measurements  obtained 
with  a light  scattering  spectrometer  (PMS  ASSP-100) 
flown  on  an  aircraft  (Snyder  and  Hughes,  1978) . 
The  aerosol  refractive  index  was  assumed  to  be  pure 
water.  (The  crosses  indicate  calculations  for 
selected  altitudes  using  the  oceanic  refractive 
index  of  LOWTRAN  3B.)  The  dashed  curves  are  the 
average  aerosol  extinctions  based  on  LOWTRAN  3B  for 
visibilities  of  23  and  40  km  respectively 
representing  the  range  of  reported  visibility 
conditions.  The  extinction  values  based  on  LOWTRAN 
3B  decrease  exponentially  with  height  while  the 
extinction  calculated  from  aerosol  measurements 
shows  a slight  increase  with  altitude  up  to  height 
of  the  convectively  mixed  layer  (approximately  600 


RANGE  km 


Figure  15.  Transmission  versus  range  calculations. 


m)  and  a decrease  above.  The  extinction  calculated 
from  LOWTRAN  3B  is  more  than  an  order  of  magnitude 
greater  than  the  extinction  calculated  from  the 
measurements.  To  estimate  what  this  means  in  terms 
of  systems  performance,  transmi t tance  was  plotted 
against  range  in  Figure  15  for  the  distributions  in 
Figure  14.  Figure  15  shows  that  for  longer  ranges 
there  might  be  a serious  underestimation  of  systems 
performance  using  the  reported  meteorological 
visibility  as  an  input  to  LOWTRAN.  If,  for 
example,  a value  of  10%  transmi t tance  was  the 
performance  limit  for  a specific  system,  the 
calculations  based  on  LOVTTRAN  would  predict  a 
maximum  range  of  14  km  while  the  calculations  based 
on  aerosol  measurements  predict  22  km.  This 
example  should  serve  to  illustrate  the  need  for 
improved  transmission  models  (in  particular  their 
narine  aerosol  portions)  and  the  kind  of 
considerations  necessary  to  estimate  the  effect  of 
a particular  atmospheric  parameter  or  modeling 
aspect  on  systems  performance. 

Of  particular  concern  to  a performance 
assessment  capability  for  a broad  range  of  EO 
systems  is  the  number  of  measurements  at  different 
wavelengths  necessary  to  characterize  the  entire 
frequency  spectrum  of  interest  (usually  the  visible 
and  infrared  region).  Theoretical  considerations 
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and  experimental  data  showed  correlations  between 
the  total  liquid  water  content  and  extinction  and 
subsequently  the  possibility  of  scaling  aerosol 
extinction  at  one  wavelength  to  that  of  another 
(Biberman,  Roberts  and  Seekamp,  1977).  This  kind 
of  scaling  was  tested  for  marine  aerosols  by  Hughes 
and  Jensen  (1978)  and  one  of  the  results  is  shown 
in  Figure  16.  A reasonable  straightline 
correlation  (in  a log-log  presentation)  between  the 
aerosol  extinction  coefficients  calculated  from 
dropsize  distribution  measurements  between  3.5  and 
10.6  is  evident  in  two  categories:  poor  and 
good  visibilities.  The  dropsize  spectrometer  used 
for  these  data  could  not  measure  particle  radii  in 
excess  of  14.7  ^m.  Since  the  aerosol  measurements 
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Fiquro  16.  Calculated  aerosol  extinction 

coefficients  *'  for  10.6  . m vs.  those  for  3.6  ,.m. 
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for  better  visibilities  (v  ■ 4 km)  did  not  show 
particles  with  radii  in  excess  of  10  ^m  one  can 
assume  that  larger  particles  did  not  play  a 
significant  role.  However,  for  the  poor 
visibilities  (v  • 4 km)  particles  were  measured  in 
the  largest  size  range  and  one  can  assume  that  the 
truncation  of  the  distribution  (by  the  inability  to 
measure  larger  particles)  would  affect  the  results. 
To  check  this  assumption  the  aerosol  distributions 
for  visibility  ranges  of  less  than  4 km  were 
extrapolated  to  contain  aerosols  with  maximum  radii 
r of  20,  25,  and  30  i.m  respectively.  Figure  17 
sfiows  the  result  of  this  extrapolation  which  causes 
the  two  regression  lines  to  become  more  in 
agreement.  The  development  of  these  scaling  laws 
is  clearly  encouraging  even  though  a number  of 
questions  need  to  be  investigated  such  as  aerosol 
refractive  index  changes  for  different  air  masses. 


Figure  17.  Increased  extinction  coefficients 
(dashed  linos)  for  10.6  pm  vs.  those  at  3.5  um  for 
increased  particle  radii  as  indicated  and  compared 
with  the  regression  analysis  in  Figure  16. 


The  primary  effort  on  the  development  of 
shipboard  real-time  assessment  system  called  PREOS 
(for  prediction  of  performance  and  range  for  EO 
systems)  centers  presently  on  the  selection  of 
proper  transmission  models  and  their  tailoring  and 
incorporat ion  into  suitable  hardware.  The  hardware 
is  defined  by  F/WFPS  of  which  PREOS  is  one  building 
block.  Since,  as  previously  pointed  out,  there  are 
presently  no  operational  shipboard  EO  systems  in 
the  Navy,  important  applications  of  available  PREOS 
capabilities  are  sensitivity  analyses  studies  and 
systems  performance  simulation. 

An  example  of  what  a PREOS  display  might 
provide  is  shown  in  Figure  18.  After  the  operator 
has  supplied  environmental  input  data  (such  as 
visibility,  scene  luminance,  etc.)  and  specified 
the  system  to  be  assessed  (low  light  level 
television  in  this  example)  PREOS  might  give  a 
range  contour  of  detecting  a specific  target  (in 
this  ' *e  an  aircraft  carrier)  as  a function  of 
aspect  angle.  This  information  is  useful  in 
deterv  .u.q  ranges  within  which  a target  is  safe 
from  detection  or  conversely  is  likely  to  be 
detected.  A very  important  tactical  application  of 
propagation  assessment  systems  is  in  trade-off 
decisions.  Various  active  and  passive  detection 
and  intercept  techniques  based  on  electromagnetic, 
electrooptic  or  acoustic  measures  are  or  will  be 


LOW  LIGHT  LfVCl 

▼KLCWItlon 
•vrrtN  no.  * 


wmi  cokto u»  if  rom 
mm  moM»iLXTv  or 
n«  orrtcriON  or  a 


wmou  rzcu>  or  wicu 


is*  mo xm  «ma  nmr 

VXflf XLXTVi  m.m  KM 


Figure  18.  PREOS  sample  display. 


available  to  the  ship's  commander.  A comprehensive 
propagation  assessment  capability  can  provide  the 
necessary  quantitative  information  to  optimize  c.  11 
available  resources. 


Finally,  frequently  observed  mirages  over 
ocean  areas  led  to  an  investigation  of  ducting 
phenomena  close  to  the  water  surface.  The  two 
questions  of  interest  were  range  extensions  or 
reductions  and  image  distortions  for  visible  and 
infrared  imaging  systems  operating  close  to  the 
ocean's  surface.  Feinberg,  Hitney  and  Hughes 
(1978)  found  significant  range  reductions  for 
10.6  vim  propagation  for  super  adiabatic  lapse  rates. 
One  aspect  of  image  distortion  was  incorporated 
into  PREOS  and  is  shown  in  Figure  19.  The  left 
side  of  this  figure  shows  temperature  T and 
modified  refractivity  M as  a function  of  height. 
The  object's  contour  has  to  be  supplied  to  PREOS 
which  will  then  provide  an  expected  image  for 
refractivity  conditions  encountered  (based  on  ray 
tracing  techniques).  In  the  case  of  Figure  19  an 
isothermal  temperature  profile  was  assumed  to 
extend  from  the  surface  to  a height  of  15  m which 
is  the  base  of  a 4 temperature  inversion  extending 
to  a height  of  20  m.  Situations  like  this  are  not 
unconmon  in  the  Southern  California  offshore  area 
during  Santa  Ana  conditions  (dry  desert  air,  heated 
additionally  by  subsidence,  and  advected  over  the 
ocean) . Figure  20  shows  a photograph  of  a surface 
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Figure  19.  Image  distortion  analysis  caused  by 
refractive  layers. 


Figure  20.  Photograph  of  a surface  ship  distorted 
by  refractive  layers. 


ship  during  a Santa  Ana  occurrence  during  which  the 
base  of  the  temperature  inversion  was  measured  to 
: i Low  a n ibovi  ea  li  v<  , . ; • similarity 
of  the  image  provided  by  PREOS  in  Figure  19  and  an 
observed  example  shown  in  Figure  20  is  striking. 
An  important  aspect  of  the  PREOS  capability  shown 
in  Figure  19  is  the  possibility  of  reconstructing 
the  object's  true  contours  from  a distorted  image 
if  the  vertical  refractivity  profile  is  known. 

6.  CONCLUSIONS 

It  has  been  demonstrated  that  propagation 
assessment  systems  are  feasible  and  have  proven 
very  effective  to  the  operational  users.  Their  pay 
off  reaches  from  actual  savinqs,  to  improved 
understanding  of  sensor  {Terformance,  optimization 
of  resource  allocation,  and  tactical  exploitation 
of  propagation  phenomena.  The  major  question  is  no 
longer  if  propagation  assessment  will  be  part  of 
Naval  operations  but  rather  how  to  combine, 
integrate  and  implement  various  assessment 
capabilities  for  optimum  operational  utilization. 
In  the  area  of  ionospheric  propagation  a 
comprehensive  frequency  management  system  appears 
to  be  the  proper  host  for  real-time  propagation 
assessment.  Tropospheric  radio  propagation, 
electroopt ical  propagation,  perhaps  underwater 
acoustics  propagation,  may  be  best  combined  with 
oceanographic  and  meteorological  data  in  a 
shipboard  environmental  support  center. 
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ABSTRACT 

IREPS  (the  Integrated  Refractive  Effects 
Prediction  System)  has  been  under  exploratory 
development  at  NOSC  since  1974.  An  advanced 
development  program  has  started  to  develop  the 
E/WEPS  (the  Environment /Weapons  Effects  Prediction 
System) . A review  of  the  current  status  of  IREPS 
and  its  continuing  development  as  a software  module 
of  E/WEPS  will  be  presented.  Recently  developed 
IREPS  displays  will  be  shown  and  discussed  relative 
to  their  intended  tactical  uses,  especially  for 
carrier  applications.  The  E/WEPS  RDT&E  program,  as 
currently  envisioned,  consists  of  a near-term 
interim  assessment  capability  based  on  the 
Hewlett-Packard  Model  9845  programmable  calculator 
(PROCAL)  and  a final  fully  militarized  advanced 
development  model  (ADM)  assessment  system.  The 
proqram  to  deploy  the  interim  PROCALs  and  work  with 
the  carrier  and  air  wing  personnel  to  further 
refine  the  assessment  capabilities  of  E/WEPS  ^iil 
be  discussed.  The  relationship  of  the  interim 
E/WEPS  to  the  final  ADM  E/WEPS  will  also  be 
presented.  Finally,  the  development  plans  for  the 
ADM  E/WEPS  will  be  discussed  and  will  include 
consol idation  of  the  Nava)  Environmental  Display 
Station  (NEDS)  with  E/WEPS  and  other  environmental 
support  functions  to  form  a proposed  Shipboard 
Environmental  Support  Center  (SESC) . Also 
considerations  of  life-cycle  costs,  degree  of 
militarization  and  standardization  required,  test 
and  evaluation,  and  logistics  support  requirements 
will  be  presented. 

1 . INTRODUCTION 

It  has  lonq  been  recognized  that  anomalous 
distributions  of  temperature  and  humidity  in  the 
lower  atmosphere  can  be  responsible  for  significant 
changes  in  electromagnetic  (EM)  wave  propagation 
and  the  resulting  enhancement  or  degradation  of 
naval  sensor  and  weapons  systems.  Such  anomalous 
propagation  effects  were  first  seriously  studied 
during  and  immediately  after  World  War  II  and  many 
of  these  studies  are  summarized  in  Kerr  (1951). 
Durinq  recent  years  numerous  computational 
algorithms  have  been  developed  that  have  allowed  a 
near-real  time  atmospheric  refractive  effects 
assessment  system  to  be  developed.  IREPS  has  been 
under  development  at  NOSC  since  1974  and  continues 
to  be  developed  and  refined.  The  basic  IREPS 
system  is  described  by  Hitney  and  Richter  (1976) 
and  is  based  on  mathematical  models  developed  by 
several  investigators.  IREPS  has  been  an 


exploratory  development  (category  6.2  RDT&E) 
project  that  has  resulted  in  successful 
demonstration  of  the  concept  of  on-board  assessment 
systems.  Because  of  the  success  of  the  exploratory 
development  proqram,  an  advanced  development 
proqram  (category  6.3  RDT&E)  was  begun  in  1978  to 
specify  and  develop  militarized  hardware  to  host 
the  assessment  system's  software.  This  militarized 
hardware  is  to  be  known  as  the  Environment/Weapons 
Effects  Prediction  System  (E/WEPS) . Because  the 
development  of  E/WEPS  will  take  several  years,  an 
interim  assessment  system  based  on  the 
Hewlett-Packard  Model  9845  programmable  calculator 
(PROCAL)  has  been  developed  and  will  be  deployed  to 
all  operational  carriers  during  1979.  This  interim 
E/WEPS  will  be  maintained  by  Hewlett-Packard  for 
the  estimated  three  to  five  year  life  of  the 
systems.  It  is  hoped  that  the  interaction  of 
operational  and  R&D  personnel  concerned  with  the 
interim  E/WEPS  will  provide  valuable  guidance  in 
developing  the  fully  militarized  E/WEPS. 

2.  REFRACTIVE  EFFECTS 

The  term  "refractive  effects"  usually  refers 
to  the  property  of  a medium  (here  the  lower 
atmosphere)  to  refract  or  bend  an  EM  wave  as  it 
passes  through  the  medium.  However,  as  the  term  is 
used  here,  it  takes  on  the  wider  meaning  which 
includes  all  propagation  effects  of  or  related  to 
the  lower  atmosphere  that  affect  the  performance  of 
EM  systems.  As  such  the  term  includes  not  only 
refraction  and  ducting,  but  also  reflection  from 
the  sea  surface,  multipath  interference, 
diffraction  around  the  earth's  surface, 
tropospher ic  scattering,  sea  clutter,  and  many 
other  propagation  mechanisms  and  processes.  For 
most  naval  EM  systems,  the  occurrence  of  ducting  in 
the  troposphere  provides  the  most  dramatic  impact 
on  system  performance. 

2. 1 Surface-Based  Ducts  from  Elevated  Layers 

Over  ocean  areas  there  often  exists  a cool, 
moist  marine  air  mass  extending  vertically  from  the 
ocean  surface  to  an  altitude  of  a few  hundred 
metres.  The  air  mass  above  this  altitude  can  be 
much  warmer  and  drier  than  the  marine  air  for  a 
variety  of  meteorological  reasons,  and  it  creates  a 
transition  region  or  refractive  layer  in  which  the 
air  warms  up  and  dries  out  very  rapidly  with 
increasing  altitude.  The  rapid  warming  and  drying 
of  the  air  can  cause  the  refractive  index  (and 
refractivity)  to  decrease  with  height  fast  enough 
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to  refract  an  upward  travel inq  EM  wave  downward  as 
illustrated  in  the  example  shown  in  Figure  1.  If 
the  refractive  layer  is  stronq  enough  to  cause  the 
downward  traveling  wave  to  strike  the  surface,  then 
a surface-based  duct  will  be  formed.  As  Figure  1 
illustrates,  such  a surface-based  duct  can  result 
in  severe  alterations  in  the  performance  of  EM 
systems.  In  the  example,  a shipboard  air-search 
radar  can  experience  loss  of  air  coverage  in  a 
radar  "hole"  above  the  refractive  layer  due  either 
to  reduced  signal  levels  or  masking  from  sea 
clutter  return  at  the  same  range  enhanced  by  the 
duct.  Also  note  that  the  radar  signal  propagates 
beyond  the  normal  horizon  and  can  be  intercepted  by 
hostile  surface  platforms.  Surface-based  ducts  are 
generally  rare  over  most  ocean  areas,  but  in  some 
important  operating  areas  such  as  the  Southern 
California  off-shore  area,  the  eastern 
Mediterranean,  and  the  northern  Indian  Ocean  they 
can  occur  from  20  to  40*  of  the  time  on  a yearly 
basis. 


Fiqure  1.  Example  of  a sur face-based  duct  showing 
the  effects  on  a shipboard  air-search  radar. 


2 . 2 Elevated  Due t s 

Tf  the  refractive  layer  shown  in  Figure  1 
occurs  at  a higher  elevation  such  that  the  downward 
traveling  wave  does  not  strike  the  surface,  then  an 
elevated  duct  will  l>e  formed  as  illustrated  in 
Figure  2.  The  primary  effect  that  elevated  ducts 
have  is  to  create  a reqion  (or  hole)  above  the  duct 
where  severely  reduced  signals  from  an  emitter 
within  or  above  the  elevated  duct  will  result.  As 
the  example  of  Figure  2 shows,  an  airborne 
early-warning  radar  located  in  the  elevated  duct 
will  experience  a radar  hole  in  which  the  detection 
of  air  targets  will  be  much  reduced.  Although  this 
effect  will  he  most  pronounced  for  radar  systems, 
communications  systems  (excluding  hf)  can  also  \yc 
affected.  Elevated  ducts  generally  occur  in  the 
lowest  1 km  of  the  atmosphere,  but  on  occasion  have 
been  observed  up  to  6 km. 

2. 1 Evaporation  Ducts 

A very  persistent  ducting  mechanism  is 
created  over  most  ocean  areas  by  the  rapid  decrease 
of  moisture  immediately  adjacent  to  the  ocoan*s 
surface.  For  continuity  reasons,  the  air  adjacent 
to  the  ocean  is  saturated  with  water  vapor  and  the 


Figure  2.  Example  of  an  elevated  duct  showing  the 
effects  on  an  airborne  early-warning  radar. 


relative  humidity  is  thus  100%.  This  high  relative 
humidity  decreases  very  rapidly  in  the  first  few 
metres  to  an  ambient  value  which  varies  depending 
on  the  meteorological  conditions  existing  at  the 
time.  The  rapid  decrease  in  moisture  also  causes 
the  refractive  index  of  the  air  to  decrease  very 
rapidly  such  that  a trapping  layer  and  surface  duct 
are  formed  immediately  adjacent  to  the  surface. 
This  tyi^o  of  duct  is  much  thinner  and  weaker  than 
surface-based  ducts  created  by  elevated  refractive 
layers  and  usually  only  affects  frequencies  above  3 
GHz.  For  radars  and  other  EM  systems  operating  at 
these  high  frequencies.  Figure  3 illustrates  that 
over-the-horizon  detections  and  interceptions  are 
possible.  The  strenqth  of  the  evaporation  duct  is 
quite  variable  and  depends  on  the  air  and  sea 
temperature,  and  ambient  surface  wind  speed,  and 
humidity.  The  evaporation  duct  tends  to  be 
stronger  at  equatorial  latitudes,  during  the  summer 
months,  and  during  the  daytime. 


EVAPORATION  DUCT 


Figure  3.  Example  of  an  evaporation  duct  showing 
the  enhancement  of  both  detection  and  intercept 
ranges  for  a shipboard  sur face- search  radar. 


an  interactive  terminal  and  graphics  display,  a 
graphics-capable  hard  copy  unit,  a mass  storage 
device  to  store  the  programs  and  the  climatological 
data,  and  a cassette  reader  that  is  compatible  with 
the  AN/AMH-3  airborne  microwave  refractometer. 
On-scene  refractivity  data  is  supplied  to  I REPS 
from  either  a radiosonde  balloon,  the  refractometer 
cassette,  or  surface  measurements  made  aboard  the 
IREPS  host  ship.  Two  types  of  stored  information 
are  available  to  IREPS.  The  first  type  is  the 
climatological  data  stored  in  a historic  and 
geographic  refractivity  library  from  which  IREPS 
can  generate  products  that  display  the 
probabilities  of  occurrence  of  various  refractive 
effects  for  any  latitude,  longitude,  season,  and 
time  of  day.  The  second  type  of  stored  information 
consists  of  the  parameters  of  those  EM  systems  for 
which  IREPS  will  calculate  and  display  refractive 
effects.  IREPS  can  accommodate  a wide  variety  of  LM 
systems  for  surveillance,  convnuni cations , 
electronic  warfare,  and  weapons  tracking  and 
guidance.  Once  the  appropriate  on-scene 
refractivity  data  has  been  entered  into  IREPS,  the 
system  can  generate  one  or  more  products  that 
either  display  refractive  conditions,  a summary  of 
refractive  effects  for  a wide  variety  of  systems, 
or  specific  effects  on  particular  systems. 


IREPS  is  an  exploratory  development  project 
to  develop,  validate,  and  implement  a minicomputer 
based  software  system  that  accepts  refractivity  of 
the  lower  atmosphere  and  calculates  and  displays 
the  pertinent  propagation  effects  and  resulting 
enhancement  or  degradation  in  the  performance  of 
specific  EM  systems.  The  development  of  IREPS  is 
primarily  a model  and  computer  software  development 
consisting  of:  adapting  existing  mathematical 
models  and  developing  new  models  where  needed, 
validating  the  resulting  models  by  carefully 
controlled  radiometeorological  measurements  taken 
both  by  NOSC  and  others,  compiling  a comprehensive 
world-wide  climatology  of  refractive  effects  which 
can  be  called  on  to  supplement  on-scene 
refractivity  data,  developing  the  computer  software 
necessary  to  implement  the  resulting  models  and 
climatology  handling  routines  on  IREPS,  and 
demonstration  and  evaluation  of  IREPS  during  actual 
fleet  exercises. 


Figure  4 illustrates  the  IREPS  concept  in  a 
block  diagram  form.  Central  to  IREPS  is  a hardware 
data  processing  system  which  is  usually  based  on  a 
minicomputer.  The  essential  elements  of  the 
hardware  system  besides  the  central  processor  are 


Figure  5 shows  an  example  of  the  basic 
refractive  conditions  plot  generated  by  IREPS. 
Both  the  refractivity  in  N units  and  the  modified 
refractivity  in  M units  are  plotted  versus  height. 
The  bar  to  the  right  shows  the  presence  of  any 
ducts  by  the  shaded  area.  The  example  shows  a 
surface-based  duct  generated  by  an  elevated 
refractive  layer  occurring  at  1000  ft.  Figure  6 
shows  the  propagation  conditions  summary  product 
from  IREPS  which  is  a plain  language  narrative 
description  of  the  propagation  conditions  and 
effects  on  EM  systems  in  general.  The  refractive 
conditions  are  the  same  as  those  in  Figure  5.  The 
summary  is  broken  down  into  three  categories  for 
surface-to-surface,  surface-to-air,  and  air-to-air 
geometries.  Figure  7 shows  an  example  of  a 
coverage  diagram  which  is  undoubtedly  the  most 
useful  IREPS  product.  The  example  is  for  a 1300 
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Figure  5.  Refractive  conditions  plot  for  a 
surface-based  duct  extending  up  to  1000  ft. 


Figure  4.  The  IREPS  concept  in  block-diagram  form 
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Figure  6.  Propagation  conditions  summary  for  the 
refractive  conditions  shown  in  Figure  5. 


RANGE  IN  NAUTICAL  MILES 


Fiqure  8.  Coverage  display  for  an  APS-96  airborne 
early  warning  radar  operating  at  16  kft  based  on  a 
free  space  range  of  200  nmi  for  an  arbitrary  target 
and  in  the  presence  of  an  elevated  duct  between  15 
and  18  kft. 


RANGE  IN  NAUTICAL  MILES 


Figure  7.  Coverage  display  for  a SPS-12  air-search 
radar  located  at  80  ft  for  a 90%  probability  of 
detection  of  a 1 itT  target  for  the  refractive 
conditions  of  Fiqure  5. 


M Hz  SPS-12  air-search  radar  for  90%  probability  of 
detection  of  a 1 m‘  target.  The  shaded  area  on  the 
curved-earth  range-versus-height  display  indicates 
the  region  in  space  where  detections  would  be 
expected.  The  example  is  for  the  refractive 
conditions  of  Figure*  5 which  is  characterized  by  a 
1000  ft  high  surface-based  duct.  The  coverage 
display  shows  extended  coverage  within  the  first 
1000  ft  and  to  100  nmi  caused  by  this  duct.  At 
higher  elevation  angles  t e display  shows  the 
lobing  structure  created  by  th<’  interference  of  the 
direct  and  sea-reflected  wave.  Fiqure  R shows 
another  example  of  the  coverage  display  for  a 420 
MHz  APS-96  airborne  early-warning  radar  operating 
at  16  kft  and  based  on  a free  space  detection  range 
of  200  nmi  for  an  arbitrary-sized  target.  The 
refractive  conditions  in  this  example  are 
characterized  by  an  elevated  duct  between  15  and  18 
kft.  The  example  shows  extended  radar  detection 
capability  in  the  elevated  duct  but  at  the  expense 
of  a radar  "hole"  or  region  of  reduced  detection 
above  the  duct.  Figure  9 is  an  example  of  a 
one-way  path  loss  versus  range  display  for  a 5700 
MHz  SPS-10  surface-search  radar  operating  at  170  ft 
above  the  ocean  surface  and  for  a target  at  50  ft 
above  the  ocean  surface.  Path  loss  is  the  ratio  of 


RANGE  IN  NAUTICAL  MILES 


Figure  9.  Path  loss  display  for  an  SPS-10 
surface-search  radar  mounted  at  170  ft  for  a target 
at  50  ft  and  a standard  atmosphere.  The  dashed 
line  indicates  the  path  loss  threshold  for  a 50% 
probability  of  detection  of  a 1000  m target. 


transmitted  to  received  power  expressed  in  dB.  The 
dashed  line  denotes  the  one-way  path  loss  threshold 
for  a 50%  probability  of  detection  of  a 1000  square 
metre  target.  The  refractive  conditions  are  for  a 
standard  atmosphere.  The  example  shows  the  path 
loss  oscillating  up  and  down  at  close  ranges  due  to 
the  interference  of  the  direct  and  sea-reflected 
waves.  Since  the  path  loss  values  exceed  the 
threshold  briefly  at  a number  of  the  nulls, 
detection  would  not  be  expected  at  these  ranges. 
At  a range  of  about  23  nmi,  the  path  loss  curve 
crosses  the  threshold  for  the  last  time,  therefore 
this  display  shows  the  maximum  detection  range  to 
be  23  nmi • 


In  addition  to  the  products  that  have  been 
presented  in  the  above  examples,  I REPS  can  generate 
other  displays  that  assist  the  operator  in  loading 
and  evaluating  on-scene  refractivity  data,  in 
editing  refractivity  data  or  EM  systems  parameters, 
or  requesting  the  climatological  data. 

3.3  Tactical  Uses  of  IREPS  Products 

There  seem  to  be  many  tactical  uses  for  the 
various  IREPS  products  as  determined  from  actual 
fleet  exercises.  Several  of  the  more  important 
ones  will  hi  presented  in  this  section,  but  this 
discussion  is  not  intended  to  be  all-inclusive. 

One  of  the  most  important  uses  of  the  IREPS 
products  is  as  an  aid  in  determining  the  optimum 
flight  profiles  for  attack  aircraft  to  avoid 
detection  by  hostile  radar  systems.  For  instance, 
a normal  tactic  to  avoid  detection  is  to  fly  as 
close  to  the  ocean  surface  as  possible,  but  for  the 
example  presented  in  Figure  7 such  a low  altitude 
would  be  the  worst  altitude  for  penetration.  In 
the  case  of  such  a surface-based  duct,  it  would  be 
much  better  to  fly  above  the  duct  or  to  fly  down 
one  of  the  interference  nulls  to  avoid  detection. 
Similarly  an  ECM  aircraft  can  use  the  coverage 
diagram  to  plan  a fliqht  profile  to  minimize  his 
detection  or  to  maximize  the  efficiency  of  his 
iamming  equipment. 

Another  important  use  of  the  coverage 
diagrams  is  in  stationing  of  airborne  assets  to 
minimize  the  effects  of  radar  holes.  For  instance 
in  the  example  of  Fiqure  8,  the  radar  hole  would 
become  smaller  and  smaller  the  higher  the  aircraft 
would  fly  above  18  kft  and  could  completely 
disappear  for  altitudes  below  15  kft.  Another  use 
for  the  coverage  diagram  is  in  stationinq  of  all 
types  of  aircraft  to  maximize  vhf  communications  to 
the  various  surface  units  and  other  airborne  units. 
Special  communications  systems  such  as  the 
Multi-Channel  Jezebel  Relay  (MCJR)  used  to  relay 
sonobuoy  information  to  the  Tactical  Support  Center 
on  a carrier  via  a helicopter  or  S-3  aircraft  can 
be  greatly  affected  by  refractive  effects  also.  A 
coverage  diagram  tailored  to  the  MCJR  can  be  used 
to  optimize  stationinq  of  the  relaying  platform  and 
will  indicate  the  possibility  of  OTH  communicat ion 
from  low  altitudes  due  to  surface-based  ducts  which 
can  allow  an  ASW  helicopter  to  use  its  dipping 
sonar  simultaneously  with  the  MCJR.  Also  the  IREPS 
products  can  be  used  to  determine  the  appropriate 
KMCON  conditions  based  on  the  propagation 
conditions  that  currently  exist. 

4.  E/WEPS 

E/WE PS  is  an  advanced  development  project  to 
develop  a militarized  hardware  and  software  system 
and  supporting  documentation  to  [jerform  the  IREPS 
functions  (and  potentially  other  assessment  system 
functions)  aboard  major  combatant  ships. 

4 . 1 F/WEPS  Objectives 

The  final  objective  of  the  E/WEPS  project  is 
to  specify,  construct,  TECHEVAL,  OPEVAL,  and  obtain 
approval  for  service  use  for  an  advanced 
development  model  (ADM)  to  perform  assessment 
system  functions.  Many  factors  go  into  the 
development  of  an  ADM  and  a number  of  them  are 
specified  in  the  next  section.  The  process  to 
develop  such  an  ADM  E/WEPS  will  take  several  years 


if  done  properly  and  will  result  in  a lack  of 
assessment  system  capabilities  within  the  fleet 
until  at  least  the  late  1980s.  Because  of  the  long 
delay  in  initial  operational  capability,  an  interim 
E/WEPS  based  on  a Hewlett-Packard  model  9845 
programmable  calculator  is  being  implemented  and 
deployed  aboard  all  operational  carriers.  The  HP 
9845  has  the  capability  to  generate  all  of  the 
IREPS  products  and  produce  a high-quality  graphics 
hard-copy  output,  but  at  c reduced  speed  of 
operation.  The  interim  E/WEPS  has  been  used  aboard 
the  USS  RANGER  for  several  months  with  highly 
successful  results.  It  is  anticipated  that  all  of 
the  operational  carriers  will  have  an  interim 
E/WEPS  capability  by  the  end  of  CY  1979.  It  is 
hoped  that  the  early  interaction  of  the  operational 
personnel  of  the  various  ships  and  airwings  with 
the  R&D  personnel  involved  in  the  development  of 
IREPS  and  E/WEPS  will  result  in  a far  improved  ADM 
E/WEPS  for  eventual  use. 

4.2  Advanced  Development  Model  Factors 

There  are  a multitude  of  factors  to  be 
considered  in  the  development  of  an  ADM  that  have 
been  mandated  by  CNO.  A partial  list  of  those 
factors  that  must  be  considered  in  the  development 
of  the  E/WEPS  ADM  are: 

1)  Functional  performance  requirements 

2)  MIL-E-16400  requirements 

3)  Life-cycle  costs 

4)  Desiqn-to-cost 

5)  Navy  standardization  proqram 

6)  Rel iabil i ty/maintainabi 1 i ty/avai lability 

7)  Tost  and  evaluation  requirements 

8)  Integrated  loqistics  support 

9)  Manpower  and  t.raininq 

10)  Shipboard  installation  requirements 

11)  Resource  sharing 

5 . SESC 

Tt  has  recently  been  pro|>osed  that  a 
Shipboard  Environmental  Support  Center  (SESC)  be 
develof>ed  that  consolidates  the  functions  of  E/WEPS 
with  the  Naval  Environmental  Display  Station 
(NEDS-2)  and  the  Integrated  Command  ASW  Prediction 
System  (ICAPS).  NEDS-2  is  a proposed  shipboard 
version  of  the  sho rebased  NEDS  that  has  been 
developed  by  Fleet  Numerical  Weather  Central  (FNWC) 
to  receive  and  display  weather  data  generated  by 
FNWC.  ICAPS  is  an  assessment  system  developed  by 
NAVOCF.ANO  for  underwater  acoustics  environmental 
effects.  The  SESC  is  proposed  to  be  situated  on 
all  carriers  in  the  meteorological  office  and  on 
selected  other  capital  ships.  Because  of  the  NEDS 
requirement  for  high  data  rate  communications  from 
FNWC  and  considerable  mass  storage,  it  is  expected 
that  the  NEDS-2  requirements  will  dominate  those  of 
E/WEPS  and  ICAPS  except  for  the  central  processor 
requirements.  It  is  hoped  that  by  combining  all 
three  of  these  functions  into  one  system  a 

much  greater  capability  will  result  at  a lesser 
cost  than  implementing  each  one  alone. 

6.  REFERENCES 

Hitney,  H.  V.  and  J.  H.  Richter,  1976:  Integrated 
Refractive  Effects  Prediction  System,  Naval 
Engineers  Journal , 88,  no.  2,  257-262. 

Kerr,  Donald  E. , 1951:  Propagation  of  Short  Radio 

Waves,  McGraw-Hill  Book  Company. 


17 


THE  FLENUMWEACEN  RADAR  PROPAGATION  ANALYSIS  MODEL 


; 

i 


Leo  Clarke  and  William  Pertle 


Fleet  Numerical  Weather  Central 


Monterey,  California  93940 


ABSTRACT 

Following  a one  year  operational  eval- 
uation by  Pacific  Coast  fleet  units , the 
FLENUMWEACEN  Radar  Propagation  Model  be- 
came operational  in  July  1977.  Subsequent- 
ly requests  for  Radar  Propagation  Analysis 
( RPA ) support  have  increased  from  less  than 
one  hundred  per  month  to  more  than  six  hun- 
dred per  month. 

The  execution  of  RPA  at  FLENUMWEACEN 
has  been  automated  with  in-house  turnaround 
time  of  less  than  one  hour  except  in  unusu- 
al cases.  The  RPA  model  is  radar  specific 
and  treats  each  user's  request  as  a separ- 
ate calculation  based  on  a free  space  de- 
tection range  ( F SDR ) for  each  specific 
radar  mode  of  operation  and  target  config- 
uration. The  RPA  model  assumes  a nonleaky 
duct,  specular  reflection  from  the  sea  sur- 
face, and  a layered  horizontally  homogeneous 
atmosphere.  The  output  is  a ratt-graphic 
coverage  diagram  representing  probabi 1 i ties 
of  detection  (PD)  at  specific  heights  and 
ranges  in  a two  dimensional  matrix.  A tab- 
ular N-profile  is  included  at  the  end  of 
each  message,  and  represents  the  refractive 
index  profile  upon  which  the  coverage  dia- 
grams are  based. 

1.  RADAR  PROPAGATION  ANALYSIS  MODEL 
1.1  Introduction 


Following  a one  year  operational  eval- 
uation by  Pacific  Coast  fleet  units,  the 
Fleet  Numerical  Weather  Central  (FLENUMWEA- 
CEN) Radar  Propagation  Analysis  Model  be- 
came operational  in  July  1977.  Subsequent- 
ly, fleet  requests  for  Radar  Propagation 
Analysis  (RPA)  support  have  increased  from 
less  than  one  hundred  per  month  to  more 
than  six  hundred  per  month  (Figure  1). 

1 . 2 Model  Description 

The  RPA  model  utilizes  nonleaky  duck 
and  coherent  ray  theory  to  compute  atmo- 
spherically induced  electromagnetic  energy 
gain/loss  from  a free  space  reference  level. 
The  calculations  consider  a one-way  path 
from  an  isotropic  antenna. 


A refractive  index  profile  is  customar- 
ily computed  from  an  atmospheric  sounding 
(raob).  The  model  incorporates  a variable 
vertical  grid  which  incorporates  all  the 
significant  levels  of  the  sounding.  Under 
this  system  the  basic  input  data  is  inven- 
toried and,  if  necessary,  is  expanded  by  a 
progressive  interpolation  technique  to  im- 
prove the  accuracy  of  the  ray  tracing  in- 
tegrations. This  technique  generates  no 
new  extrema  or  minima,  but  rather  fits  a 
curve  to  the  discrete  data.  If  the  refrac- 
tive index  profile  extends  to  less  than 
fifty  thousand  feet,  it  is  extrapolated  to 
that  altitude  with  an  exponential  model. 

The  RPA  model  initially  was  basically  an 
inverted  FACT  (Fast  Asymptotic  Coherent 
Transmission)  model  which  is  used  by  FLE- 
NUMWEACEN to  compute  transmission  loss  as 
a function  of  range  and  frequency  at  fixed 
source  and  receiver  depths  in  underwater 
acoustics,  Spofford  (1974). 

The  RPA  model  driver  converts  the  re- 
fractive index  profile  to  an  analogous  un- 
derwater sound  velocity  profile.  The 
driver  then  executes  the  FACT  model  once 
for  each  level  in  the  analogous  sound 
velocity  profile.  The  propagation  loss  is 
returned  in  arrays  for  formatting  via  the 
output  package.  The  RPA  modeling  includes 
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an  evaporative  duct  on  all  oceanic  sound- 
ings because  of  the  well  known  inability  of 
the  radiosonde  to  portray  temperature  moist- 
ure profiles  in  the  first  thirty  meters 
above  the  surface.  The  FLENUMWEACEN  plan- 
etary boundary  layer  model  (PBL)  calculates 
the  presence  or  absence  of  the  ocean  sur- 
face radar  evaporation  duct  (REVAP)  using 
ocean  interface  parameters  calculated  in 
the  PE  model.  This  duct  is  nearly  always 
present  over  the  oceans  and  is  strongest  in 
the  tropics  (on  the  average,  but  can  be  ex- 
treme in  other  regions  when  dry  air  is 
present).  This  duct  is  of  importance  in 
extending  the  range  of  radars  in  over-the- 
horizon  (OTH)  SFC  to  SFC  and  low  level 
radar  coverage.  Enhanced  detection  ranges 
occur  for  frequencies  of  3 to  20  Ghz  and 
are  proportional  to  the  strength  of  the 
duct  gradient  in  N units.  Antenna  location 
relative  to  the  top  of  the  duct  also  ef- 
fects enhancement  (lowest  antennas  within 
the  duct  usually  have  the  greatest  OTH 
range ) . 


1 . 3 Model  Input 

Input  to  the  model  requires 


a . 
b . 


antenna  height 
radar  frequency 

maximum  horizontal  range  of  the 
analysis 

an  input  sounding 

three  pairs  of  Free  Space  Detec- 
tion Ranges  (FSDR ) ; 


and  their  associated  Probabilities  of  De- 
tection (PD)  . F SDRs  have  been  computed  at 
FLENUMWEACEN  for  standard  PDs  based  upon  a 
one  square  meter  target  area  for  a number 
of  radars  (Figure  3). 


RADAR  SYSTEMS  SUPPORTED  BY  FLENUMWEACEN 
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DATA  COMPUTED  BASED  ON  RAOB  SOUNDING  FOR  (LAND  STATION) 
AND  BLENDED  WITH  FNVC  SURFACE  DUCT  AT  (POSITION) 

RPA  COMPUTED  FROM  LAND  RAOB  IS  SUBJECT  TO  CONTINENTAL 
ATMOSPHERIC  CONDITIONS  WHICH  MAY  DIFFER  FROM  MARITIME 
ENVIRONMENT.  EXISTENCE  OF  FRONTAL  ZONE  OR  AIRMASS 
DISCONTINUTITIES  IN  AREA  WILL  ALSO  REDUCE  ACCURACY. 
RELIABILITY  OF  RPA  IS  INVERSELY  PROPORTIONAL  TO  DISTANCE 
BETWEEN  SOUNDING  AND  OP  AREA  AND  TO  ELEVATION  OF 
OBSERVATION.  RECOMMEND  THESE  VARIATIONS  BE  CONSIDERED  AS 
APPROPRIATE. 


AN/SPS-5C 

AN/SPS-5D 

AN/SPS-6C 
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AN/SPS-32 
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AN/SPS-53 

AN/SPS-53A 
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Figure  2 


These  calculations  were  made  using  a 
FORTRAN  computer  program  RGCALC , Blake 
(1972).  For  other  than  standard  U.  S.  Navy 
shipboard  radars,  FSDRs  must  be  supplied  by 
the  user  or  can  be  calculated  by  FLENUMWEA- 
CEN if  sufficient  data  is  supplied. 

The  input  sounding  is  customarily  a 
radiosonde  sounding  which  includes,  as  a 


::  *> 
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minimum:  pressure,  temperature,  and  dew 
point  depression.  The  height  of  each  level, 
if  included,  will  be  utilized,  otherwise, 
it  will  be  calculated. 

The  input  sounding  is  the  most  frequent 
cause  of  ambiguous  results.  The  sounding 
should  contain  as  many  levels  in  the  lower 
atmosphere  as  is  possible.  It  is  essential 
that  the  sounding  include  complete  moisture 
information  and  include  dewpoint  depression 
in  the  levels  below  500  millibars.  Deck 
launched  radiosondes  should  be  launched  well 
clear  of  any  unusual  shipboard  thermal  con- 
ditions to  avoid  inadvertent  thermal  anom- 
alies. 

1 . 4 Model  Output 

The  AUTODIN  message  does  not  refer  to 
radar  frequency  or  location.  However,  the 
radar  designation  is  included  in  the  cover- 
age diagram  heading  necessitating  a CONFI- 
DENTIAL classification.  The  message  text 
is  in  grid  form  with  an  altitude  (feet) 
versus  range  ( nm ) graphic  display.  The  out- 
put, called  a coverage  diagram,  shows  areas 
of  probability  of  detections  (Figure  4). 


RDR  PROP  IMESCON8090 

1.  IN  RESPONSE  TO  REF  A THE  FOLLOWING  RADAR 
PROPAGATION  ANALYSIS  IS  PROVIDED. 

2.  ALTITUDE  0.  TO  50000.  . 

STATION  77110712Z 

FOLLOWING  IS  COVERAGE  DIAGRAM  WHERE  LETTER  A REPRESENTS 
COVERAGE  WITH  GREATER  THAN  90.  PER  CENT  PROBABILITY  OF 
DETECTION  (PD).  LETTER  B REPRESENTS  GREATER  THAN  50.  PER  CENT 
PD  BUT  LESS  THAN  90.  PER  CENT  PD  AND  LETTER  C REPRESENTS 
GREATER  THAN  10.  PER  CENT  PD  BUT  LESS  THAN  50.  PER  CENT  PD. 

THE  VERTICAL  AXIS  IS  ALTITUDE  IN  FEET  AND  THE  HORIZONTAL  AXIS 
IS  RANGE  IN  NM. 

THE  RECEIVER  HEIGHT  FOR  THIS  MSG  IS  77  FEET. 

THE  RADAR  TYPE  FOR  THIS  MSG  IS  SPX99A 

0.  18.  77.  115.  154.  192  230. 

50000. AAAAAAAAAAAAARAAABAAA  AAAAB  RAAAABC  BRAAAABBC  CCBBBBBB 

408 79 . AAAAAAAAAAAAAABAAABBAAAB  B AAAAB  ( BAAAAABB  CBBBBBBBBBBBC 

31759. AAAAAAAAAAAABAAACAAAB  AAAAA*  BAAAAAABR  CBBBBBBBBBBBBCCC 

288 l 2 . AAAAAAAAAAAAAAACAAAB  AAAAA  BAAAAAABC  C BBBAABBBBBBBCCC 

25866 . AAAAAAAAAAAAAAC AAA RC AAAAB  < AAAAAABB  * BBAAAAABBBBBBCCC 

25  36  7 . AAAAAAAAAAAAAABBAAAAB  BAAAAAABC  RRBAAAAABBBBBBCC 

19291 . AAAAAAAAAAAABAAA  AAAAA  BAAAAAAB  CRaAAAAAAAABBBPCC 
10381 .AAAAAAAAAAAAAAAAA BAAAAAAB* BAAAAAAAAAABBBCC 
8 704 . AAAAAAAAAAAAAAAAAAAAAAABAAAAAAAAAAAABBBC 
7028 . AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAABBBC 
6611 . AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAABBBC 
5802 . AAAAA AAAAA A A AAAAA A AAAAA A A AAAA AAA B H 
499  3 . AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA B RC 
2585  AAAAAAAAAAAAAAAAAAAAAAAAAR 
2215. AAAAAAAAAAAAAAAAAAAAAA 
191 3.AAAAAAAAAAA 

1808. AAAAAAAAAAAAAAAAAAAAAB  ( BAAAAAAAAAAAAAAAAAAAAAABBB 

l 70  3 . AAAAAAAAAAAAAAAAAAAAAA*  BAAAAAAAAAAAAAAAAAAABBBBBBB 

1598  AAAAAAAAAAAAAAAAAAAAAB*  BBBBBAAAAAAAAAAAAAAABC  BBBB 

1545. AAAAAAAAAAAAAAAAAAAAARR  CBBBBBBAAAAAAAAAAAAAABC  BBBB 

149 3. AAAAAAAAAAAAAAAAAAAAAB B BBBBBBBBAAAAAAABB AAAAB  BBBB 

71. A CAABBBCC  B8CCCCC 

22.AAB  CCCC 

0.  A 

0.  18.  77.  115.  154.  192.  230 

THE  EVAPORATIVE  DUCT  HAS  BEEN  ADDED  TO  THE  BOTTOM  OF  THF  SOUNDING 
SECTION  HERE. 


The  output  can  be  interpreted  directly.  For 
example  in  Figure  4,  the  letter  "A"  repre- 
sents the  area  where  there  is  greater  than 
90%  probability  of  detection.  Letter  "B" 
represents  greater  than  50%  probability  of 
detection  but  less  than  or  equal  to  90%; 
letter  "C"  represents  greater  than  10% 
probability  of  detection  but  less  than  or 
equal  to  50%;  and  blank  areas  indicate  10% 
probability  of  detection  or  less.  The  last 
paragraph  of  each  RPA  message  contains  a 
tabular  listing  of  the  refractive  index 
profile  with  heights  in  feet,  N units  for 
each  level,  N gradient  and  description  of 
the  refraction  of  each  layer,  i.e.,  trap- 
ping, super,  normal,  or  subref rac t ive 
(Figure  5 ) . 


3. THE  ABOVE  RADAR  PROPAGATION  ALALYSIS  WAS  DERIVED  FROM  THE  SOUNDING 
GIVEN  BELOW.  THE  REFRACTION  COLUMN  TELLS  IF  THE  REFRACTION  IN  THE 
LAYER  BETWEEN  TWO  LEVELS  IS  NORMAL,  SUB.  SUPER  OR  TRAPPING. 

HEIGHTS  REFRACTIVE  INDEX  N/1000  FT.  REFRACTION 


0. 

422.0 

22. 

375.0 

-2180.0 

TRAPPING 

71. 

371.3 

-73.6 

TRAPP INC 

1493. 

350.6 

-14.6 

NORMAL 

1545. 

342.2 

-160.7 

TRAPPING 

1598. 

332.9 

-176.0 

TRAP!' INC 

1703. 

313.0 

-190.2 

TRAPPING 

1808. 

292.5 

-194.7 

TRAPPING 

1913. 

273.5 

-181.7 

TRAPPING 

2215. 

261.5 

-39.5 

SUPER 

2585. 

258.1 

-9.3 

NORMAL 

4993. 

246.6 

-4.8 

NORMAL 

5802. 

236.3 

-12.8 

NORMAL 

6611. 

224.5 

-14.6 

NORMAL 

7028. 

221.2 

-7.9 

NORMAL 

8704. 

208.6 

-7.5 

NORMAL 

10381. 

197.3 

-6.8 

NORMAL 

19291. 

149.9 

-5.3 

NORMAL 

25367. 

119.6 

-5.0 

NORMAL 

25866. 

117.4 

-4.3 

NORMAL 

28812. 

107.0 

-3.5 

NORMAL 

31759. 

97.1 

-3.4 

NORMAL 

40879. 

68.8 

-3.1 

NORMAL 

50000. 

40.9 

-3.1 

NORMAL 

Figure  5 

1 . 5 Radar  Propagation  Request  and  Data 

Input  Messages 

When  possible,  the  initial  RPA  request 
for  service  should  be  sent  several  working 
days  before  the  first  RPA  product  is  re- 
quired. Thereafter,  standard  operational 
message  requests  are  appropriate  unless 
there  is  a change  in  radar  parameter  input, 
or  if  several  months  have  elapsed  since  RPA 
was  last  provided  to  your  command.  Sample 
initial  request  messages  are  provided  in 
Figure  6 . 

When  the  sounding  is  provided  by  the 
user,  it  must  be  in  the  format  described  in 
Figure  7.  Deviations  in  the  format  may 
cause  nonrecognition  of  the  message  as  an 
RPA  request  due  to  the  similarity  of  normal 
sounding  data  messages  required  by  other 
fleet  directives. 


F i gur e 4 


FM  (YOUR  COMMAND) 

TO  AIC  7608  (PACIFIC) 

AIC  7641  (ATLANTIC) 

BT 

(CLASSIFICATION)/ /N0U49// 

RADAR  PROP  ANALYSIS  REQUEST  <U) 

1.  R£0  RPA  IAW  FOLLOWING  PARAMETERS: 

A.  (RPA  PRODUCT  ADDRESSEES) 

USS  (YOUR  SHIP) 

USS  (SHIP  IN  COMPANY) 

INFO  (EMBARKED  STAFF) 

B.  (RADAR  TYPE(S) , SPS-40B) 

C.  (DISCRETE  RADAR  FREQUENCY (S) . MHZ) 

D.  (ANTENNA  HEIGHT (S)  ABOVE  SEA  LEVEL.  FT) 

E.  (MAXIMUM  HORIZONTAL  ANALYSIS  RANGE (S) , NM) 

F.  (TIME  PERIOD  DESIRED,  IE:  12Z  24  JAN  79  to  12Z  27  JAN  79) 

G.  * (APPROXIMATE  POSITION  OF  RADAR ( S ) FOR  EACH  TIME  PERIOD 
REQUESTED,  LAT/LONG) 

2.  (REPEAT  PARAGRAPH  1.  INFORMATION  FOR  EACH  SEPARATE  RPA 
MESSAGE  DESIRED.) 

3.  UPPER  AIR  SOUNDINGS  WILL  BE  PROVIDED  BY  USS  (SHIP), 

(OR)  UTILIZE  (LAND  STATION,  E.C.  SAN  DIEGO) 

SOUNDING  (STATION  NUMBER  IF  KNOWN),  (OR)  REQUEST  SELECT 
UPPER  AIR  STATION  OF  OPPORTUNITY.  (NOTE  THAT  REPORTING 
RELIABILITY  OF  MANY  LAND  STATIONS  IS  LESS  THAN  1001.) 

BT 

* LAND  STATION  SOUNDING  UTILIZATION  ONLY. 


Figure  6 

FH  {SHIP  PROVIDING! 

F H {SHIP  PROVIDING  SOUNDING! 

TO  AIG  7b0fl  {PACIFIC! 

AIG  7tm  {ATLANTIC! 

BT 

{CLASSIFICATION!//  N03m*V/ 

RADAR  PROP  ANALYSIS  REQUEST  {U! 

UUAA  {MANDATORY  LEVELS  - UNO  3b.3! 
UUBB  {SIGNIFICANT  LEVELS  - UP10  3b. 3! 
BT 

Figure  7 


The  message  SSIC  of  03149  (vice  03144) 
and  the  subject  line  "RADAR  PROP  ANALYSIS 
REQUEST"  are  critical  in  decoder  recogni- 
tion. The  sounding  indicators  UUAA  and  UUBB 
must  be  in  the  left  column  and  must  not  be 
preceded  by  any  information  such  as  para- 
graph numbers,  INTERNATIONAL  RADIO  CALL 
SIGN  (IRCS),  etc.,  D I RNAVOCEANMi  M978). 
UUCC/UUDD  information  may  also  be  xn.luded 
if  it  is  desired  to  combine  a normal  upper 
air  report  required  by  fleet  directive  with 
the  RPA  request,  as  RPA  request  soundings 
are  also  read  into  the  FLENUMWEACEN  data 
base,  NAVAIR  ( 1975) . 

1 . 6 RPA  Model  Operation 


Execution  of 
ceipt  of  an  upper 
WEACEN.  Requests 
are  automatically 


RPA  is  initiated  upon  re- 
air sounding  at  FLENUM- 
supported  by  land  raob's 
executed  when  the  re- 


quired raob  is  received  via  the  AWN  data 
collection  network.  Request  supported  by 
a ship's  own  raob  is  executed  on  receipt  of 
the  sounding  via  AUTODIN.  The  TSCREEN  pro- 
gram searches  all  AUTODIN  input,  saving  RPA 
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1 . 7 Response  Time 

The  entire  RPA  execution  process  from 
receipt  at  communications  to  transmission 
of  response  is  usually  less  than  one  hour. 
In  some  cases,  the  time  has  been  less  than 
twenty-five  minutes.  However,  when  the 
sounding  has  several  errors,  or  when  the 
computer  assets  are  not  available,  it  may 
take  in  excess  of  three  hours.  Figure  8. 
User  response  indicates  an  average  of  two 
to  three  hours  from  traismission  of  request 
to  receipt  of  product.  This  generally 
agrees  with  the  FLENUMWEACEN  one-way  AUTO- 
DIN  overhead  of  one  hour  for  immediate 
messages . 
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optimum  radar  selection.  The  RPA  product 
in  general  has  been  accepted  as  a valuable 
and  reliable  addition  to  fleet  support,  and 
one  user  stated  “The  RPA  support  provided 
was  a significant  factor  in  the  success  of 
our  operations."  Probably  the  most  common 
complaint  was  the  long  turnaround  time.  In 
view  of  the  fact  that  FLENUMWEACEN  in-house 
time  is  generally  less  than  one  hour,  the 
major  delay  seems  to  be  in  fleet  communi- 
cations. Many  of  the  users  surveyed  indi- 
cated a desire  for  onboard  capability  to 
generate  RPA  (such  as  IREPS). 
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ABSTRACT 

The  U.S.  Navy  operates  in  an  environment  which 
often  produces  dramatic  refractive  effects  on 
fleet  microwave  systems.  A variety  of  technical 
papers  and  manuals  are  or  have  been  employed  by 
the  fleet  to  assess  the  effect  of  refraction  on 
these  systems.  The  greatest  majority  of  these 
assessment  methods  are  of  little  utility  to  the 
fleet  as  they  are  not  fast,  accurate,  and/or 
simple  enouqh.  In  recent  years  NOSC  has  developed 
a minicomputer-based  assessment  system  which 
allows  near-real  time  evaluation  of  refractive 
effects  on  Naval  sensors.  This  system  is  the 
Integrated  Refractive  Effects  Prediction  System  or 
IREPS.  As  TREPS  products  and  prototype  hardware 
are  introduced  to  operational  units  they  will  only 
be  installed  on  those  ships  with  meteorological 
capabilities.  In  order  to  provide  other  units 
with  the  benefit  of  IREPS-type  products  a computer 
program  has  been  developed  for  Fleet  Numerical 
Weather  Central  (FNWC)  as  a replacement  for  their 
Radar  Propagation  Analysis  (RPA) , which  will  allow 
FNWC  to  provide  these  units  with  IREPS-oompatible 
propagation  information.  A description  of  the 
propagation  models  used  in  the  program  and  the 
necessary  inputs  required  for  operation  are  given. 
Examples  of  the  produces  are  also  presented. 

1.  INTRODUCTION 

The  effects  of  refractivity  on  microwave 
systems  have  long  been  a subject  of  interest  for 
the  U.S.  Navy.  A considerable  amount  of  time  and 
money  has  been  spent  studying  the  problem  and 
proposing  techniques  for  assessing  these  effects. 
However,  the  majority  of  these  methods  are  either 
too  technical  or  too  complex  for  most  fleet 
personnel  to  use.  In  recent  years  advances  in 
computer  technology  have  enabled  NOSC  to  develop  a 
minicomputer  - based  assessment  system  called  the 
Integrated  Refractive  Effects  Prediction  System 
(IREPS) . This  system,  which  is  intended  for 
eventual  deployment  aboard  those  ships  with 
meteorological  capability  (primarily  CVs)  , allows 
near  real-time  evaluation  of  the  effects  of  the 
refractive  conditions  on  specific  microwave 
systems.  IREPS  - capable  ships  can  have  a 
definite  tactical  advantage  over  those  units  which 
are  not  so  equipped. 


At  the  present  time  Fleet  Numerical  Weather 
Center  (FNWC)  provides  its  users  with  a Radar 
Propagation  Analysis  (RPA)  based  on  models 
developed  for  underwater  acoustics.  Operational 
units  will  soon  be  faced  with  the  problem  of 
reconciling  two  different  propagation  products 
with  the  deployment  of  an  interim- IREPS  capability 
this  year.  To  eliminate  any  confusion  NOSC  is 
providing  FNWC  with  a program  intended  for  use  in 
replacing  the  present  RPA.  This  program,  which  is 
based  on  the  IREPS  models,  will  allow  FNWC  to 
provide  its  users  IREPS-compatible  propagation 
information.  The  program  will  also  be 
upward-compatible  with  TREPS  and  as  improvements 
are  made  to  IREPS  they  can  be  incorporated  into 
the  FNWC  RPA  program. 

The  principal  program  products  will  be 
coverage  diagrams  and  a narrative  propagation 
summary.  The  coverage  diagram  program,  and  the 
models  for  producing  these  plots,  described  in 
this  paper  require  three  types  of  inputs  to 
produce  an  output:  environmental  data,  the  radar 
system  operating  parameters,  and  the  target  size. 
The  environmental  inputs  required  are:  the 
refractivity  (N  unit)  values  as  a function  of 
altitude,  the  relative  humidity  near  the  surface, 
the  air  temperature,  the  sea  surface  temperature, 
and  the  wind  speed.  The  required  radar  parameters 
are:  the  frequency,  the  antenna  height,  the  radar 
free-space  range  against  a known  target  cross- 
section,  the  antenna  pattern,  and  the  antenna 
elevation  angle.  The  output  is  a 51  line  by  60 
character  line  printer  "plot."  Each  element  in 
this  array  will  be  X'ed  if  the  radar  detection 
threshold  for  the  desired  target  is  exceeded  at 
any  point  in  that  array  element  and  left  blank 
when  this  threshold  is  not  exceeded. 
Additionally,  a plot  of  refractivity  versus  height 
and  a profile  list  are  available. 

2 . MODELS 

Radar  coverage  diagrams  indicate  those  areas 
in  the  far  field  of  a radar  where  a target  might 
be  detected.  Cover  diagrams  may  be  obtained  by 
tracing  a series  of  rays  through  the  atmosphere 
for  varying  elevation  angles  at  the  transmitting 
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antenna.  The  length  of  each  ray  is  determined  by 
the  antenna  pattern  and  the  free-space  range  of 
the  radar.  If  the  radar  is  on  a surface  ship  then 
the  length  of  each  ray  is  modified  by  the  coherent 
interference  between  direct  and  sea-reflected 
rays.  There  is  an  implicit  assumption  of  a 
■torizontal  stratification  and  homogeneity  of  the 
itmosphere  in  the  ray  trace  models  used  to  draw 
the  cover  diagrams  in  this  program. 

Airborne  system  cover  diagrams  are  drawn  by 
tracing  each  ray  to  a range  defined  by  the  product 
of  the  radar  free-space  range  and  the  antenna 
pattern  function  for  that  ray,  assuming  that  the 
ray  is  not  trapped.  When  the  transmitter  is  in  a 
trapping  layer  the  duct  is  assumed  to  be  uniformly 
illuminated  to  twice  the  free  space  range. 
Down going  rays  are  only  traced  to  the  surface. 

Surface-based  transmitting  antennas  produce 
divergent  beams  which  al low  energy  to  arrive  at  a 
target  in  the  far  field  by  two  paths,  for  targets 
above  the  radar  horizon  (tangent  *ay):  a direct 
and  a sea-reflected  path.  The  energy  arriving  at 
the  target  is  the  vector  ^um  of  the  two  signals 
arriving  by  the  different  paths.  The  phase 
difference  between  the  two  signals  gives  rise  to 
an  interference  pattern.  Ray  optic  methods 
adequately  describe  the  field,  at  hast  when  the 
total  phase  difference  is  greater  than  one-quarter 
wavelength.  The  vector  sum  is  further  modified  by 
the  surface  roughness  and  the  spherical  nature  of 
the  reflecting  surface. 

Well  below  the  radar  horizon  the  field  is 
mainly  due  to  diffraction  from  the  earth's 
surface.  (At  much  greater  ranges  the  field  is 
dominated  by  scattering  from  irregularities  in  the 
t roposphore  but  this  field  is  generally  well  below 
radar  receiver  thresholds.)  NOSC  has  a tropos- 
pheric waveguide  program  which  can  provide  the 
series  solutions  to  the  diffraction  field  problem, 
but  the  program  requires  a substantial  investment 
in  computer  time  and  is  not  amenable  to  "hands 
off"  operation.  Accordingly,  the  IREPS  models  use 
solutions  obtained  by  rurvc  fitting  waveguide 
program  solutions  to  obtain  the  diffraction  field 
strength  for  evaporation  ducts.  Empirical  models 
are  used  for  the  diffraction  field  solutions  for 
ground-based  ducts  due  to  elevated  layers. 
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Figure  1.  Refractivity  plot. 


the  profile  plot.  The  location  and  time  of  the 
radiosonde  profile  are  labeled  at  the  top  and  the 
evaporation  duct  input  parameters  and  calculated 
evaporation  duct  height  are  qiven  below  this.  The 
N-unit  values  and  corres{ondinq  height  values  are 
listed  below  the  evaporation  duct  parameters. 
M-unit  values  are  calculated  and  displayed  also. 
A narrative  refractive  conditions  summary  for  the 
profile  of  Figure  1 is  shown  in  Figure  3.  The 
surface-to-surface  category  in  this  example 
reflects  the  effects  of  the  evaporation  duct  on 
the  higher  frequency  bands.  The  air-to-air 
category  indicates  that  there  are  actually  five 
trapping  layers  in  this  profile  and  that  airborne 
systems  flying  at  any  of  these  elevations  should 
expect  some  anomalous  propagation  effects  as 
indicated.  Surface-to-air  propagation  should  be 
normal  as  there  are  no  ground-based  ducts  from 
elevated  layers. 


In  the  vicinity  of  the  horizon  optical  methods 
don't  adequately  describe  the  field  and  the 
diffraction  field  series  solutions  converge  very 
slowly.  This  reqion  is  sometimes  referred  to  as 
the  intermediate  region.  The  IREPS  models  obtain 
the  field  strength  in  this  region  by  linearly 
interpolating  between  interference  reqion  and 
diffraction  region  values. 


3 . PRODUCTS 

An  example  of  a refractivity  plot  is  qiven  in 
Figure  1.  The  figure  indicates  the  presence  of 
two  elevated  trapping  layers.  At  the  right  hand 
side  of  the  figure  the  N-qradient  at  the  plotted 
height  is  qiven.  The  gradients  are  characterized 
to  indicate  the  presence  of  subref ractive , 
super-refractive,  trapping,  and  normal  layers. 
The  ordinate  and  abscissa  values  are  fixed  at 
20,000  feet  and  100  to  400  N-units  respectively. 
Figure  2 is  a sample  of  the  data  used  to  generate 
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Figure  2.  Refractivity  list. 
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Fiqure  3.  Narrative  summary. 


The  most  important  product  of  the  revised  FNWC 
RPA  Is  the  coverage  diagram.  Fiqure  4 is  a sample 
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Figure  5. 


Coverage  diagram  for  a surface-based 
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Figure  4.  Coverage  diagram  for  an  airborne  system. 


of  a coverage  diagram  for  an  airborne  system  with 
the  aircraft  flying  in  an  elevated  duct  extending 
from  83QO  feet  to  11,000  feet.  The  extended  range 
in  the  elevated  duct  is  clearly  shown  as  well  as  a 
radar  "hole"  above  the  duct.  Fiqure  5 is  an 
example  of  a exoverage  diagram  for  a surface  based 
system,  in  tbis  case  an  AN/SPS-28  air  search 
radar.  The  piofile  used  to  qenerate  this  diagram 
was  that  of  a 1000  foot  surface  duct  from  an 
elevated  layer.  Such  a strong  duct  is  a 
relatively  common  occurrence  off  the  Southern 
California  coast.  Extended  ranges  near  the 
surface  result  from  this  duct.  The  lobes  shown 
are  due  to  the  coherent  interference  between  the 
direct  and  sea-reflected  rays.  The  height  scales 
for  the  coverage  diagrams  are  user  designated  in 
5000  foot  increments  from  5000  feet  to  50000  feet. 
Range  scales  are  user  optional  in  A0  nautical  mile 
increments  from  A0  to  300  nautical  miles.  The 
range  increment,  was  chosen  to  fit  the  AUTODIN  line 
width. 
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Int  roduct ion 

The  Airborne  Microwave  Ref ractometer  (AMR) 
provides  the  operational  commander  an  essential 
capability  to  utilize  existing  atmospheric 
conditions  to  enhance  the  tactical  effectiveness 
of  his  task  force.  Modern  warfare  is  highly 
dependent  on  use  of  the  electromagnetic  spectrum 
for  command  and  control  communications,  radar 
detection,  ESM  and  F.CM.  All  of  these  elements 
are  highly  affected  by  existing  atmospheric 
conditions  and  a knowledge  of  what  these  conditions 
are,  in  real-time,  is  mandatory  for  successful 
offensive  and  defensive  operations. 

The  effect  of  anomalous  propagation  has  long 
been  known  (and  utilized)  in  determining  sonar 
performance  in  water.  The  ASW  commander  deploys 
his  forces  and  modifies  his  tactics  based  on 
accurate  data  which  determines  existing 
propagation  conditions  in  the  area  of  operations. 
Similiarly,  submarine  forces  use  the  existing 
data  to  determine  optimum  depth  and  tactics  for 
attack  to  avoid  detection  and  maximize  the 
probability  of  a successful  attack.  Sophisticated 
equipment  has  been  developed  to  measure  water 
temperature,  salinity,  density  and  other  factors 
which  effect  sonar  conditions,  and  elaborate 
studies  have  been  conducted  to  determine  exactly 
what  the  effect  of  anomalous  conditions  will  be  on 
a specific  sonar.  The  results  have  been  a 
detailed,  accurate  data  base  for  the  ASW  commander/ 
submarine  commander  to  utilize  in  successfully 
completing  the  assigned  mission. 

A similar  capability  is  required  for  the 
detection  and  measurement  of  anomalous  propogation 
of  electromagnetic  waves  in  the  atmosphere  to 
enable  the  carrier  strike  group  commander  to  employ 
his  forces  in  a manner  to  optimize  the  probability 
of  success  in  assigned  missions.  In  this  paper  I 
will  discuss  the  operational  use  of  anomalous 
conditions  in  strike  warfare  at  sea,  AAW,  and 
command  and  control  communication.  This  will  be 
followed  by  a brief  discussion  on  desired 
capabilities  for  the  E-2  series  aircraft  in 
equipment  and  software  to  enable  this  valuable 
command  and  control  platform  to  meet  the  needs  of 
the  operational  commander.  Throughout  the  paper, 
the  assumption  is  made  that  the  reader  has  an 
understanding  of  the  principals  and  the  effect  of 
refractive  "layers”  on  electromagnetic  propagation. 

Strike  Warfare  at  Sea 

The  effectiveness  of  an  air  strike  against 


surface  ships  is  extremely  dependent  upon  the 
survivability  of  the  strike  vehicle,  whether  that 
vehicle  is  a manned  aircraft  raid  or  an  attack  by 
cruise  missiles  such  as  HARPOON  or  TOMAHAWK. 
Survivability  can  be  enhanced  by  denying  the 
enemy  electromagnetic  detection  capability  through 
the  proper  choice  of  run-in  altitude  based  on 
existing  refractive  layers.  Active  methods  of 
denial  of  electromagnetic  detection  can  also  use 
atmospheric  phenomena  to  optimize  the  effective- 
ness of  the  jamming. 

A dramatic  demonstration  of  the  tactical 
exploitation  of  atmospheric  effects  on  strike 
survivability  was  provided  in  the  Third  Fleet 
exercise  VALIANT  HERITAGE  conducted  in  1976.  E-2B 
aircraft  of  VAW-113  were  equipped  with  AMR's 
during  the  exercise  and  determined  a strong 
refractive  layer  at  1500  feet  MSL.  Two  consecutive 
strikes  were  controlled  against  a TARTAR  equipped 
surface  ship.  Reconstruction  of  the  exercise 
revealed  that  the  first  strike,  flying  at  200  feet 
MSL  and  lower  were  detected  at  a range  of  80  miles 
(well  beyond  the  radar  horizon)  and  tracked  on  a 
1:1  blip/scan  ratio  throughout  the  strike.  The 
second  strike  flew  essentially  the  same  profile 
except  at  an  altitude  of  200  feet  above  the  1500 
foot  layer.  Detection  on  the  second  strike  occurred 
at  a range  of  8 miles  - and  was  made  visually  by 
the  lookouts.  While  the  first  strike  was  engaged 
by  missiles,  the  second  strike  was  unopposed  due 
to  the  short  warning  time  and  lack  of  electronic 
detection.  Radar  performance  of  the  surface  ship 
was  constant  throughout  both  strikes,  and  the 
remainder  of  the  day. 

The  effectiveness  of  Jamming  in  support  of 
strike  operations  is  vastly  increased  if  the  jammer 
is  on  the  same  side  of  a refractive  layer  as  the 
victim  radar.  The  radiated  ECM  energy  is  affected 
in  the  same  manner  as  radar  energy.  Thus,  the  use 
of  refractive  layers  to  "trap"  the  jamming  energy 
in  the  same  altitude  structure  as  the  victim  radar 
antenna  magnifies  the  jamming  effectiveness. 
Conversely,  a layer  between  the  radar  antenna  and 
the  jammer  "insulates"  the  radar  antenna  from  the 
Jamming  energy  and  causes  a deterioration  of 
Jamming  effectiveness.  It  is  readily  apparent  that 
jammer  altitude  selection  is  highly  dependent  on 
an  accurate  knowledge  of  layer  composition. 

Against  a surface  radar,  an  altitude  of  1000  feet 
MSL  would  be  an  excellent  choice  with  a layer  at 
1200  feet,  but  would  be  a very  poor  choice  with 
an  800  foot  layer. 
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AAW 

The  consideration  of  refractive  layers  in 
force  AAW  defense  is  a3  essential  to  task  force 
survival  as  it  is  to  strike  group  survival.  In 
much  the  same  manner  as  ASW  forces  are  positioned 
depending  on  water  conditions,  force  detection 
platforms  should  be  positioned  based  on  existing 
atmospheric  conditions.  The  operational  commander 
has  long  used  the  "fade  chart"  designed  for  each 
radar  antenna  system  to  preclude  "holes"  in 
coverage  by  varying  ship  station.  However,  these 
charts  are  accurate  only  on  a standard  day.  He 
must  have  the  data  available  to  station  his  forces 
on  a "non-standard"  day. 

Altitude  of  CAP  stations,  airborne  ESM  plat- 
forms, and  AEW  stations  are  particularly  dependent 
upon  atmospheric  conditions.  Stationing  on  the 
wrong  side  of  a layer  can  essentially  negate  the 
sophisticated  radar  and  passive  detection  systems 
of  these  aircraft.  As  an  example,  again, 
referring  to  the  experience  gained  by  VAW-113 
while  deployed  with  the  OPEVAL  version  of  the  AMR 
during  exercise  KANGAROO  II  in  the  South  Pacific 
in  1977,  an  F-14  was  vectored  against  a low  flying 
F-lll.  Bogey  altitude  was  estimated  as  1000  feet 
(actually  at  100  feet).  An  extremely  strong  layer 
existed  between  1000  and  1300  feet.  The  F-14 
chose  a run-in  altitude  of  5000  feet.  Detection 
was  made  visually  when  the  controller  called  a 
merged  plot.  Yet  this  same  F-14  was  able  to 
detect  F-lll's  at  ranges  in  excess  of  80  miles 
both  before  and  after  this  particular  intercept  - 
as  long  as  the  bogey  and  interceptor  were  on  the 
same  side  of  the  layer. 

During  the  same  exercise,  the  E-2  determined 
a strong  layer  at  an  altitude  of  18000  feet.  A 
station  was  chosen  below  this  layer  to  optimize 
low  flyer  detection,  which  was  successful  with 
detection  ranges  beyond  that  normally  expected. 
However,  a zero  detection  rate  resulted  for  high 
flyers;  i.e.,  bogies  above  the  layer. 

Similarly,  EA-6  and  S-3  ESM  assets  had  an 
extremely  low  detection  rate  during  this  exercise, 
despite  exceptionally  good  performance  before  and 
after.  Although  it  is  not  documented,  my  opinion 
is  that  their  performance  was  degraded  by  not 
taking  into  account  the  severe  atmospheric 
anomolies  present  in  the  South  Pacific  off 
Australia.  It  was  documented  that  the  Australians 
(Orange  Forces)  utilized  data  on  existing  layer 
and  ducts  to  plan  their  mission  profiles. 

Approximately  midway  through  the  exercise, 
CTF-77  recognized  the  requirement  to  consider 
atmospheric  conditions  in  AAW.  Cap  station  and 
AEW  station  altitudes  were  adjusted  based  on  E-2 
crew  interpretation  of  AMR  readouts.  While 
performance  of  Blue  AAW  improved,  the  restrictions 
on  ability  to  accurately  read  the  AMR  paper  tape 
output  precluded  optimizing  AAW  stationing.  The 
lack  of  IREPs  equipment  aboard  Enterprise  also 
precluded  using  the  more  accurate  data  contained 
on  the  AMR  magnetic  tape. 

Command  and  Control  Communications 

The  factors  mentioned  above  for  radar  per- 
formance are  equally  as  important  to  the 


operational  commander  when  considering  his  command 
and  control  communications,  particularly  UHF. 

Modern  task  force  operations  are  highly  dependent 
on  data  links  and  UHF  communications.  The 
advantages  of  UHF  Link  11  over  HF  Link  11  in 
allowing  effective  command  and  control  while  still 
denying  the  enemy  long  range  locating  data  via  HF- 
DF  is  obvious,  as  is  the  security  of  using  UHF 
secure  voice  circuits  vice  unsecure  HF  circuits. 
However,  stationing  of  AAW  units  is  constrained 
by  the  maximum  range  of  UHF  propagation.  While 
theoretically  "line  of  sight",  UHF  can  be  trapped 
by  atmospheric  layers,  with  ranges  in  excess  of 
100  miles  being  experienced.  It  was  not  uncommon 
in  the  Gulf  of  Tonkin  to  have  covered  UHF 
communications  between  YANKEE  station  and  the  North 
SAR  station  via  NAVY  RED  (an  Un-relayed  circuit)  - 
a distance  of  more  than  120  miles! 

Control  of  CAP  via  LINK-4A  from  a surface 
platform,  particularly  at  the  mid  and  low  alti- 
tudes, can  be  seriously  degenerated  when  the  CAP 
nears  a refractive  layer.  The  situation  is 
anomalous  to  the  blind  zone  of  sonar  caused  bv  a 
temperature  layer  in  the  water,  with  the  energy 
"splitting"  and  leaving  an  area  in  which  the  UHF 
energy  cannot  penetrate.  While  common  sense  would 
tell  the  pilot  of  the  interceptor  to  climb  to 
regain  communications,  an  accurate  knowledge  of 
atmospheric  conditions  might  indicate  that 
descending  below  the  layer  would  be  the  proper 
action . 

UHF  Link  11  with  the  E-2C,  P3C  and  S-3A  can 
also  be  optimized  with  a knowledge  of  refractive 
conditions.  Does  a datum  100  miles  from  the  force 
necessarily  mean  that  the  force  must  shift  to  HF 
Link  11  if  real  time  data  are  to  be  received  from 
the  ASW  platform  flying  MAD  traps  at  100  feet? 

Can  an  E-2C  150  miles  from  the  force  necessarily 
maintain  reliable  UHF  Link  11  at  an  altitude  of 
25,000  feet?  A knowledge  of  the  atmospheric 
anomolies  can  greatly  aid  the  force  commander  in 
answering  these  and  myriad  other  essential 
questions  in  the  command  and  control  area. 

E-2  Required  Capabilities 

Once  the  staff  of  the  operational  commander 
has  been  shown  the  advantages  to  be  gained  by 
considering  the  nerd  to  determine  anomalous 
conditions,  the  questions  immediately  arise  as  to 
what  type  of  equipment  is  required  to  obtain  the 
data,  and  then,  what  is  the  optimum  air  wing  plat- 
form on  which  to  mount  the  equipment.  At  the  risk 
of  sounding  parochial,  I maintain  the  only  viable 
platform  is  the  E-2  series  aircraft  for  the  fol- 
lowing reasons: 

1.  The  E-2  is  the  only  aircraft  embarked 
which  must  always  climb  through  the  atmosphere  to 
perform  its  mission.  In  my  experience,  there  is 
no  mission  of  the  E-2  which  cannot  be  carried  out 
at  an  altitude  of  10,000  feet  or  more,  unless 
anomalous  conditions  exist.  It  is  axiomatic  that 
the  AMR  equipment  must  be  carried  through  the 
anomalous  conditions  in  order  to  detect  it. 

2.  The  E-2  interfaces  with  every  airwing 
mission,  normally  as  a primary  or  secondary 
command  and  control  agency. 
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3.  The  E-2  maintains  communicat ions , both 
voice  and  data  link,  with  force  commander  during 
all  missions. 

4.  The  E-2  has  the  onboard  computer  and 
data  link  hardware  necessary  to  process  the  AMR 
data  with  only  minor  modification  required. 

The  capabilities  required  in  the  E-2  fall  into 
two  areas.  First,  the  capability  to  immediately 
translate  AMR  data  into  a useful  form  for  onboard 
use  in  determining  optimur..  E-2  station  altitude 
and  optimum  altitude  fcr  aircraft  under  the  control 
of  the  E-2.  Second,  the  E-2  must  have  the 
capability  to  get  AMR  data  back  to  the  force  com- 
mander in  real  time  for  his  use  In  deploying  his 
force  and  in  strike  planning. 

The  OPEVAL  report  from  VAW-113  thoroughly 
documents  the  limited  use  of  the  paper  tape  line 
graph  in  enabling  the  E-2  crew  to  accurately 
determine  the  existence  and  strength  of  layers. 

Far  more  useful  was  a simple  log,  kept  by  the  co- 
pilot, of  "N"  values  (refractive  index)  at  each 
100  feet  of  altitude.  Most  useful,  however,  was 
the  IREPS  computer  installed  on  Enterprise 
during  Valiant  Heritage.  The  IREPS  printout  gave 
a graphic  display  of  the  effect  of  layers  on  a 
specific  radar  with  the  target  at  various  alti- 
tudes. This  display,  however,  was  not  available 
until  the  E-2  recovered  and  the  magnetic  tape  was 
hand  carried  to  the  IREPS  computer.  Thus,  the 
information  was  not  usable  by  the  force  commander 
for  approximately  4^-5  hours  after  the  E-2 
launched  nor  to  E-2  crews  until  the  3rd  launch  of 
the  day! 

The  IREP's  personnel  stated  that  the  IREPs 
program  is  relatively  small,  and  that  it  was 
entirely  feasible  to  utilize  the  L-304  computer 
already  in  the  E-2  to  run  the  program  and  display 
the  resulting  graph  of  radar  performance  on  the 
CRT  display.  Thus,  the  only  modification  to  the 
E-2  required  would  be  a capability  to  insert  the 
magnetic  tape  data  into  the  computer  and  a pro- 
gram to  process  the  data  and  generate  the  display. 
This  program  would  be  short  enough  to  be  included 
on  the  magnetic  data  tape,  and  would  thus  be  only 
a transit  program  which  would  essentially  require 
little,  if  any,  dedicated  computer  memory.  Most 
of  the  memory  required  for  both  the  program  and 
the  data  could  come  from  track  store  files  and 
interceptor  control  files  with  the  memory  being 
returned  to  its  original  purpose  after  processing 
the  data. 

If  one  assumes  the  E-2  were  to  control  a strike 
against  a MOSKVA  class  ship,  the  scenario  might 
run  as  follows: 

1.  The  E-2  launches  and  climbs  to  station 
while  the  strike  rendevous. 

2.  The  E-2  CICO  loads  the  AMR  data  tape 
into  the  computei  and  requests  a display  of 
HEADNET  "C"  performance. 

3.  The  E-2  CICO  determines  optimum  run  in 
altitude  and  passes  it  to  the  strike  leader  via 
covered  UHF  voice. 

4.  The  IREPs  program  and  data  are  dumped 


from  the  computer  and  normal  ATDS  operations  fol- 
low. 

If  going  against  a multi-ship  formation,  the 
E-2  CICO  could  query  the  computer  for  the  other 
air  search  radars  in  the  force  as  well. 

The  data  on  the  frequency,  etc.,  of  radar 
which  are  required  for  the  IREP's  computations 
are  already  stored  in  the  ATDS  computer  of  the 
E-2C  to  enable  the  passive  detection  system  to 
perform  its  function.  In  the  E-2B,  this  data 
would  have  to  be  entered  manually  by  the  operator. 
In  both  cases,  additional  memory  requirements  are 
negligible . 

The  capability  to  relay  the  information  back 
to  the  force  commander  should  be  done  via  a data 
link,  for  further  processing  aboard  ship.  The 
two  data  link  systems  equipment  installed  in  the 
E-2,  Link  11  and  Link  4a,  could  be  adapted  to 
send  this  data.  Due  to  its  higher  data  rate,  the 
Link  4A  equipment  would  appear  to  be  the  logical 
choice.  This  could  be  done  in  a number  of  ways, 
one  of  which  is  to  simply  modify  the  Link  4A 
program  such  that  the  data  transmitted  was  from 
the  AMR  magnetic  tape  data  stores  vice  the  normal 
UTM's  and  control  data.  This  would  cost  the  E-2 
the  ability  to  control  interceptors  via  Link  4 
during  the  brief  period  that  the  AMR  data  were 
being  relayed,  but  would  achieve  full  Link  4 cap- 
ability once  the  relay  was  complete.  The  scenario 
in  this  case  would  be: 

1.  The  E-2  launches  and  climbs  to  station, 
obtaining  AMR  data  enroute. 

2.  The  E-2  CICO  loads  the  AMR  magnetic 
tape  into  the  L-304  computer. 

3.  The  E-2  CICO  enters  a function  code 
into  the  computer  which  causes  the  Link  4A  system 
to  broadcast  the  AMR  data  vice  normal  control 
data. 

4.  After  a specified  length  of  time  or 
upon  receiving  directions  from  the  surface  station, 
the  E-2  CICO  enters  another  function  code  which 
returns  the  Link  4A  to  normal  operations. 

The  equipment  required  to  accomplish  this 
capability  is  the  same  as  needed  to  provide  the 
onboard  readout  capability;  i.e.,  the  capability 
to  read  the  magnetic  tape  into  the  computer  and  a 
transit  program  to  cause  the  Link  4A  to  transmit 
AMR  data  vice  Intercept  Control  data.  No  new  ship- 
board equipment  is  required  as  the  ship's  Link  4A 
receiver  can  be  used  to  receive  the  data.  The 
only  operational  penalty  is  that  the  E-2  has  no 
Link  4A  capability  while  AMR  data  is  being  proces- 
sed, and  the  ship  has  only  one  way  data  link 
capability  (on  a different  frequency  from  the  AMR 
data  frequency).  This  latter  drawback  can  be 
overcome  if  the  ship  uses  a second  UHF  receiver  to 
receive  the  AMR  data.  The  loss  of  capability 
should  be  no  more  than  5-10  minutes. 

Conclusions 

This  paper  has  discussed  the  value  of  atmo- 
spheric data  to  a force  commander.  The  minor 
modifications  to  the  E-2  series  aircraft  to  obtain 


this  capability  has  been  9hown  to  be  feasible  and 
have  a low  cost  factor.  VAW-116  has  already  sub- 
mitted a proposal  to  Install  a tape  read  capability 
In  the  E-2  series  aircraft  which  would  be  compat- 
ible with  the  AMR  tape  cassette.  Although  the 
primary  reason  for  submitting  this  proposal  was 
for  the  Input  of  PDS  data  and  for  data  extraction, 
approval  would  also  facilitate  the  effort  to 
obtain  and  process  AMR  data.  This  tape  drive 
capability  has  been  favorably  endorsed  by  the  E-2 
CORE  committee  and  may  soon  be  a reality. 

The  operational  requirement  for  data  on 
atmospheric  anomalies  should  elicit  support  for 
AMR  capability  from  all  operational  commanders. 

The  success  of  offensive  and  defensive  task  force 
missions  demands  the  capability  to  measure  and 
utilize  atmospheric  conditions. 
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SUMMARY 

High-frequency  propagation  in  an  elevated  tropospheric  duct  is  analyzed  here  by  a new  method  involving 
an  appropriate  mixture  of  ray-optical  fields  and  whispering  gallery  mode  fields  guided  along  the  concave 
side  of  the  duct  boundary.  In  this  formulation,  ray  fields  may  be  regarded  as  expressing  the  remainder 
field  when  a guided  mode  series  is  truncated  or,  alternatively,  a certain  number  of  guided  modes  ac- 
counts for  omitted  higher  order  reflected  rays.  To  explore  the  theory  on  a simple  example,  the  duct  is 
modeled  by  a single  circular  boundary  separating  an  interior  higher  refractive  index  region  from  an 
exterior  region  with  lower  index.  Source  and  observation  points  are  assumed  to  be  widely  separated, 
and  both  are  located  on  the  duct  boundary.  The  electric  line  source  Green's  function  is  first  derived  in 
terms  of  eigenmodes  involving  whispering  gallery  plus  continuous  spectrum  contributions,  and  is  then 
converted  to  the  hybrid  ray-mode  alternative  form.  It  is  shown  that  the  number  of  modes  and  rays 
required  in  the  hybrid  formulation  is  far  less  than  when  the  field  is  expressed  solely  either  in  terms  of 
modes  or  in  terms  of  rays.  A numerical  example  for  typical  tropospheric  conditions  indicates  that  a 
few  of  the  lowest-loss  modes  are  adequate  to  describe  the  field  when  source  and  observation  points  are 
on  the  boundary,  rendering  the  ray  contribution  negligible.  However,  ray  fields  are  expected  to  assume 
greater  importance  when  the  observation  point,  source  point,  or  both,  are  located  inside  the  duct. 

1.  INTRODUCTION  AND  CONCLUSIONS 

In  an  elevated  tropospheric  duct,  high  frequency  signals  are  guided  with  little  attenuation  by  the  outer 
boundary  separating  the  duct  (higher  refractive  index)  medium  from  the  exterior.  The  wave  types 
responsible  for  this  low-loss  propagation  mechanism  are  the  whispering  gallery  (W.G.  ) modes,  which 
have  appreciable  field  strengths  only  in  thin  layers  adjacent  to  the  boundary.  For  an  elevated  source 
inside  the  duct,  the  field  observed  at  long  range  may  comprise  many  V\  . G.  modes  whose  propagation 
and  attenuation  coefficients  must  be  calculated  very  accurately  for  reliable  prediction  of  the  observed 
phase  and  amplitude  of  the  transmitted  signal.  Because  of  interference  between  oscillatory  modal  fields, 
the  total  field  is  very  sensitive  to  the  Cont  r ibutions  from  the  various  relevant  modal  constituents. 

An  alternative  procedure  for  calculating  high-frequency  fields  is  in  terms  of  geomet  ric -optical  rays. 

Here,  the  presence  of  the  concave  boundary  between  the  duct  and  exterior  regions  implies  the  existence 
of  ray  cont  ribut  ions  undergoing  many  reflections  before  reaching  a distant  observation  point  inside  the 
duct,  and  especially  near  the  boundary.  These  multiply  reflected  ray  fields  of  high  order  are  not  only 
tedious  numerically  but  the  notion  of  a ray-optical  field  becomes  invalid  when  the  ray  travels  too  close 
to  the  boundary;  in  that  event,  one  can  no  longer  identify  a local  plane  wave  field  (the  boundary  disturbs 
the  phase  front!  which  forms  the  foundation  for  a ray  description. 

The  above  observations  suggest  that  a highly  efficient  and  physically  appealing  method  for  analyzing  high 
frequency  tropospheric  propagation  would  involve  a mixture  of  rays  and  modes  such  that  the  fields 
extending  relatively  far  from  the  duct  boundary  would  be  expressed  in  terms  of  rays  w^hile  the  fields 
clinging  close  to  the  boundary  would  be  expressed  in  terms  of  W.G.  modes.  We  have  shown  that  such 
a hybrid  formulation  can  indeed  be  achieved  when  the  boundary  is  perfectly  conducting  (Ishihara,  I . 
and  L.  B.  Felsen,  1978)  or  characterized  by  a surface  impedance  (Ishihara,  T and  L.  B.  Felsen,  1979). 

The  present  paper  extends  this  analysis  to  the  tropospheric  case  where  the  boundary  separates  two 
media  with  different  refractive  indeces  descriptive  of  tropospheric  conditions.  To  establish  the  theory 
on  the  simplest  model,  the  duct  and  exterior  media  are  taken  to  De  homogeneous,  the  duct  boundary 
circular,  and  the  propagation  problem  two-dimensional.  Generalization  to  radial  inhomogeneities 
and  spherical  geometry  should  pose  no  difficulties  after  the  two  dimensional  model  has  been  solved. 

The  analysis  begins  with  the  formulation  of  the  exact  electric  line  source  Green's  function  in  the  two- 
medium  cylindrical  geometry.  To  include  only  the  guiding  effects  of  the  interface  between  the  source 
point  Q and  observation  point  P , without  azimuthal  periodicity  of  the  field,  the  problem  is  posed  in  an 
infinitely  extended  angular  space,  equivalent  to  placing  a ' perfect  absorber"  at  two  radial  planes. 

Such  an  absorber  introduces  spurious  scattering  effects  from  the  radial  coordinate  origin,  which  are 
subsequently  subtracted  during  the  asymptotic  (high-frequency)  calculation  of  the  field  (Felsen,  L.  B. 
and  N.  Marcuvitz,  1973).  The  asymptotic  Green's  function  is  expressed  in  alternative  forms  comprising 
a)  a discrete  spectrum  of  proper  eigenmodes  plus  a proper  continuous  spectrum,  and  b)  a mixture 
of  geometric  optical  fields,  modal  fields  and  a remainder  integral,  the  contribution  from  the  latter 
being  negligible  under  suitable  conditons.  The  detailed  analysis,  and  corresponding  numerical  calculations 
for  a model  t roposphere , ha  ve  been  performed  for  the  special  case  when  P and  Q are  widely  separated 
and  both  are  located  on  the  interface.  The  mode  - plus -cont  inuous  - spectrum  representation  has  been 
used  as  a reference  solution, with  which  the  hybrid  ray-mode  formulation  is  compared.  It  is  found  that 
relatively  few  of  the  most  tightly  bound  whispering  gallery  modes  fully  describe  the  field,  rendering  the 
ray  contribution  negligible.  Therefore,  this  case  is  not  best  suited  to  demonstrating  the  utility  of  a 
ray-mode  mixture.  It  is  anticipated  that  this  situation  will  change  when  the  source  point,  the  observa- 
tion point,  or  both,  are  removed  from  the  interface  since  the  most  tightly  bound  modal  fields  then 
have  exponentially  small  amplitudes  (Pappert,  R.A.  and  C.L.  Goodhart,  1977).  Nevertheless,  we 
have  truncated  the  mode  series  by  omitting  some  of  the  most  tightly  bound  W.G.  modes  in  order  to 
force  the  ray  contribution  to  be  non-trivial.  Under  these  circumstances,  however,  the  validity  of 
ordinary  ray  optics  is  bring  strained.  The  results  show  qualitative  agreement  that  improves  as  the 
number  of  modes  is  increased  and  the  number  of  rays  reduced. 
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In  summary,  although  the  ray-optical  field  is  unimportant  for  the  present  special  example  when  all 
of  the  lowest  -loss  (most  tightly  bound)  W.G.  modes  are  included,  the  hybrid  ray-mode  formulation 
does  demonstrate  a systematic  means  for  calculating  the  ducted  fields  in  the  most  efficient 
numerical,  and  in  a physically  significant,  manner.  The  number  of  rays  and  modes  included  in  the 
representation  is  determined  from  well-defined  criteria.  Thus,  the  representation  can  be  regarded  as 
using  rays  to  account  quantitatively  for  the  remainder  field  in  a truncated  mode  series,  or  as  using 
modes  to  account  quantitatively  for  the  remainder  field  in  a truncated  ray  series,  with  the  number  of 
either  being  far  less  than  when  only  one  or  the  other  is  used  exclusively.  The  method  should  have 
strong  potential  for  dealing  with  lateral  and  longitudinal  duct  inhomogeneities,  and  with  scattering  by 
obstacles  or  localized  scattering  centers  within  the  duct.  These  aspects  are  presently  under  study. 

2.  ALTERNATIVE  FIELD  REPRESENTATION 


A.  Green's  function  formulation 

The  physical  model  consists  of  tw-o  dielectric  media  separated  by  a cylindrical  interface  with  radius  p=a. 
The  refractive  indeces  in  medium  l(p<a)  and  in  medium  2(p>a)  are  nj  and  n_,  respectively,  with 
n . > n , but  n j n »•  An  electric  line  source  is  placed  on  the  interface  at  an  angular  position  <t>  = <t>  '. 

Since  we  are  interested  only  in  the  guiding  effects  of  the  interface  from  the  source  point  Q to  an  observa- 
tion point  P,  it  is  necessary  to  remove  the  angular  (2  tt)  periodicity  of  the  field  in  the  cylindrical 
geometry.  To  this  end,  we  place  along  two  radial  planes  (which  may  be  along  a single  diameter  as  in 
Fig.  1)  a ' perfect  absorber  for  angularly  propagating  waves'  which  has  the  effect  of  extending  the  ^domain 
from  its  original  0^<J><  2 irto-.»<4><-e,  (Felsen,  L.  B.  and  N.  Marcuvitz,I973).  Thus,  vaves  orig- 
inating at  the  source  travel  toward  ! d>  | -*  jo  without  reflections,  and  the  <i>  - dependence  of  the  fields  is  not 
restrained  to  be  periodic.  The  ficticious  "perfect  absorber"  is,  however,  known  to  have  the  property  of 
introducing  a scattering  center  at  the  origin  p = 0,  which  gives  rise  to  spurious  diffraction  effects  (Felsen, 
L.  B.  and  N.  Marcuvit/,  1*73).  These  spurious  contributions  must  be  removed  from  the  desired  field 
representation.  Since  we  are  interested  only  in  the  lowest  order  asymptotic  solution  with  respect  to  the 
large  parameter  k^a,  where  kj  is  the  wavenumber  in  medium  1,  this  deletion  can  be  accomplished  when 
performing  the  asymptotic  field  calculation. 

In  the  configuration  ot  Fig.  I , the  1 ine  - sou  re  e -excited  field  (Green's  function)  G ( p,  6 ;a , <J> ')  can  be  con- 
structed in  the  following  integral  form  (Felsen,  L.  B.  and  N.  Marcuvitz,  1973): 

G (p,  <t>  ; a,  <t> ')  = - J i Ip,  a;v)exp(iv|<t>-<J>'|)dv  (1) 

c 

whe  re 

C g(p,a;  v ) for  Re(v  ) > 0 

g ( p , a ; v ) = / (2) 

| g(p,a;-v)  for  Re(v)  < 0 

and  C is  the  integration  path  shown  in  Fig.  2.  The  radial  Green's  function  g(p,a;  v)  is  obtained  by 
imposing  continuity  on  the  tangential  elect  ric  and  magnetic  fields  at  p = a,  with  the  source  placed  at 
p = a: 
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and  the  wave  numbers  for  the  media  on  the  concave  and  convex  sides  of  the  interface,  respectively,  are 
k = k n . <i  -1,2),  with  k representing  the  wave  number  in  free  space,  and  n.  representing  the  refractive 
index. 

From  <3),  the  resonance  equation  for  angularly  propagating  modes  is 

1 - R(v  ) = 0 (8) 

q 

«»r  equivalently 
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The  resonance  equation  in  (<>)  has  two  sets  of  roots,  one  set  near  J'(k.a)  = 0 or  J (k.a)  = 0 and  the 
( 1 ) ' (l)  v vl 

other  set  near  (k^a)  = 0 or  (k?a)  = 0 as  shown  in  Fig.  2.  The  first  set  of  roots  represents 

whispering  gallery  modes  trapped  on  the  concave  side  of  the  boundary,  while  the  second  set  describes 
fields  similar  to  the  creeping  waves  on  a perfectly  conducting  convex  surface.  Since  k a is  much  larger 
than  unity  and  k,  is  very  close  to  kj,  (9)  can  be  approximated  near  v = k.a  in  terms  ol  Airy  functions 
(Aoramowitz.  ancTstegun,  ll«64): 

1 . ( 1 . An)  -X[)>  - 0 (,0) 
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Uhen  v is  not  near  kja,  one  may  employ  the  Debye  approximations  (see  A(4)  in  Appendix  1)  in  (9) 
to  obtain: 
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C (w)  r kja  f COSW  - ( ir/2-  w ) sin  w ] , v = k . a s in  w (15) 

Equation  (14)  is  valid  for  those  whispering  gallery  modes  where  the  Debye  approximation  may  be  applied 
1 s°e  < A 14)  appendix  1).  A similar  equation  can  be  obtained  for  the  creeping  waves,  but  the  contributions 
from  the  modes  with  ^ far  from  k a are  negligible.  Thus  one  may  use  (10)  for  all  relevant  v in  the 
creeping  wave  contribution.  “ 9 

For  the  special  case  when  the  observation  point  also  lies  on  the  interface  (i.  e.  , p = a)  , (3)  reduces  on 
use  of  the  \\  ronskian  relation  for  the  cylindrical  functions  to 
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This  case  shall  be  considered  first. 

B.  Guided  mode  and  continuous  spectrum  representation 

The  integration  contour  in  < 1 ) can  be  deformed  around  the  singularities  of  the  integrand  in  the  upper  half 
of  the  V - plane  since  the  integrand  decays  at  infinity  there.  Applying  Cauchy  's  theorem,  one  may  write  the 
Green's  function  in  (11  as  (Fig.  2): 
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With  q - m or  I in  (IK),  and  G.  represent  the  whispering  gallery  modes  and  creeping  waves, 

respet  tively.  When  we  employ  the  Airy  function  approximation  near  v = kj  a , then 
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The  branch  cut  integral  in  (17)  can  be  written  as 
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g(a,a;v)  = g j (a,  a ; v ) + g2  (a,  a;  v ) (24) 

g j (a » a ; v ) = il>^  (kja)/f  l-R(v)]  (23a) 

g2(a,a;v)=  IS.  l(J2’(k  ja)  J<,(k  j3)  (25b) 

and  the  integration  path  C lies  along  the  imaginary  axis  in  the  v- plane  ( Fig . 3 ) . It  can  be  shown  (Appendix  1 ) 
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that  Ig  and  lg  are  O (-£— ^ and  represent  spurious  diffraction  effects  associated  with  the  origin  (p  =0). 

These  integrals  may  therefore  be  neglected.  Thus,  the  continuous  spectrum  is  expressed  as  UI  in 
(20)  and  I can  be  simplified  as  follows  (see  Appendix  1):  Co 
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This  integral  is  in  a convenient  form  for  numerical  calculation.  Thus,  the  Green's  function  in  (17) 
becomes 

M jo  _ 

G ( a , o ; a , o')  = G + ^ G,  + I 
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with  G_  or  G.  given  in  (IK)  and  I given  in  (26).  For  G.  , and  for  G with  v ^ k , a or  k,  a,  one 
m f c I m m — 12 

may  employ  the  simplified  expression  in  (19). 

C.  Hybrid  ray-mode  representation 

To  obtain  a hybrid  representation  containing  a mixture  of  ray  and  whispering  gallery  mode  fields,  we 
return  to  ^cn  in  (21),  deform  the  integration  contour  to  the  right  across  some  of  the  whispering  gallery 
poles,  perform  a partial  ray  expansion  of  the  integrand  over  the  de_formed  path,  and  then  provide  an 
estimate  for  the  remainder  integral.  A typical  deformed  contour  C is  shown  in  Fig.  3.  It  can  be  shown 
that  the  integrand  of  behaves  properly  as  |v  | -*  to  legitimize  the  deformation.  We  now  express 
8|(a,a;v  | in  the  integrSnd  in  (21)  as 
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where  (kja)  and  R(v)  are  given  in  (5)  and  (6),  respectively.  Employing  Debye  approximations  and 
choosing  C = as  defined  below,  the  integral  becomes  (see  Fig.  4) 
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and 


v = k i a sinw 


(31c) 


The  integral  in  (29)  can  be  evaluated  by  the  saddle  point  method  (see  Fig.  4).  The  saddle  points  w are 
1 — _ n 
determined  by  dq  (w)/=0  , and  the  integration  path  is  deformed  into  (local  steepest  descent  path). 

It  may  be  shown  nthat  this  deformation  is  possible,  and  the  saddle  point  evaluation  then  yields: 
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The  expression  for  G in  (32)  represents  a geometric -optical  ray  field  reflected  n times  from  the 
concave  side  of  the  boundary  on  its  travel  from  the  source  point  to  the  observation  point  (see  Fig.  5).  At 
each  reflection,  the  field  amplitude  changes  by  the  reflection_coefficient  R (w  ).  The  remainder  integral 


rnm 


(30)  is  taken  over  the  local  steepest  descent  path  C^T  corresponding  to  the  last  ray  (n  = N ) 


included  in  the  expansion.  The  subscript  N'M  signifies  that  M whispering  gallery  modes  lie  to  the 


right  of  w. 


N 


The  residues  of  those  modes  with  0 < Re  w < Re  w_,  must  be  extracted  from  the  sum 

m N 


in  (27)  since  they  were  eliminated  by  deformation  of  C into  C, 


N 


Thus, 


N M 

»»=  ' r.  + ' g + ' r- 


G(a,<J>;a,<t>')-  G 

n =0  n m = 1 


I =\ 


Gl  + rnm 


(34) 


The  upper  limit  of  L^  instead  of  infinity  on  the  creeping  wave  sum  indicates  that  the  path  C^.  may 
intercept  the  pole  sequence  wf  as  shown  in  Fig.  4.  Actually,  this  is  of  little  practical  consequence  since 
the  contributions  from  the  higher  order  creeping  waves  are  very  small.  It  is  shown  in  Appendix  2 that 


R. . r-.  ^ 
N M 


I Rf'Vl 


(35) 


l + | R ( WN  > I 


provided  that  the  saddle  point  w does  not  lie  near  poles  w with  m = M or  M+  1 . 


NUMERICAL  RESULTS 


Numerical  calculations  were  performed  for  a model  troposphere  with  the  following  parameters:  f = 900  MHz, 
a = 6369  km,  An  = 30  units,  for  variable  range  dr  a |<J>  -<t>  ' | . The  guided-mode -plus -continuous  - 
spectrum  representation  in  (27)  was  used  as  a reference  solution.  It  was  found  that  30  whispering 
gallery  modes  (i.  e.  , M = 30)  is  adequate  to  yield  accurate  field  values  when  the  earth's  boundary  is 
assumed  to  lie  at  p = 6368  km.  In  fact,  the  maximum  number  of  whispering  gallery  modes  without  the 
earth's  surface  is  about  kja/w  (^  3x10?),  and  the  decay  factor  does  not  increase  very  much  as  the 
number  of  modes  increases.  With  the  presence  of  the  earth's  surface,  it  is  found  that  the  decay  factor 
becomes  large  for  the  higherorder  modes  lying  beyond  the  40thmode  (Cho,S.  H.  and  J.  R.  Wait,  1^78). 
Therefore,  the  number  of  modes  providing  the  major  contribution  to  the  total  field  ranges  from  30  to  40. 

For  large  distances  d,  as  considered  here,  the  contributions  from  the  creeping  waves  and  the  continuous 
spectrum  are  negligible. 


The  hybrid  ray-mode  calculation  from  (34^  was  performed  for  various  combinations  of  rays  and  whispering 
gallery  modes,  but  the  number  of  modes  M always  included  all  of  the  modes  having  very  small  decay 
factors  (these  have  poles  lying  between  w/ 2-i2An  and  n/2).  With  the  physical  parameters  chosen  above, 
the  number  of  these  modes  is  six.  The  number  of  rays  N was  chosen  such  that  < tr/2  - J 2An  . The 

physical  interpretation  of  this  condition  is  similar  to  that  for  the  perfectly  conducting  boundary,  and  is 
schematized  in  Fig.  6.  Also,  the  creeping  waves  are  neglected  in  the  hybrid  representation,  and  the  rays 
blocked  by  the  earth's  surface  are  eliminated  in  the  calculation  of  the  total  field  in  order  to  compare  the 
result  with  the  field  based  on  the  whispering  gallery  modes  only,  in  the  presence  of  the  earth.  The  rays 
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eliminated  (i.  e.  , blocked  by  the  earth's  surface)  are  indicated  in  Fig.  6(b).  In  Fig.  7(a),  the  amplitude 
of  the  total  field  is  normalized  to  the  field  in  the  free  space,  with  the  distance  between  source  and 
observation  points  measured  along  the  interface. 


The  numerical  results  show  that  the  modes  having  very  small  decay  factors  account  completely  for  the 
total  field,  thereby  rendering  the  ray-optical  contribution  and  the  remainder  R^-  negligible  Thus, 
the  hybrid  ray-optical  field  formulation  does  not  really  show  up  to  its  best  advantage  for  the  present 
example  where  the  source  and  observation  points  are  both  01;  the  interface  since  a few  tightly  bound  low- 
loss  modes  account  efficiently  for  the  observed  field  at  long  ranges.  Nevertheless,  the  validity  of  the 
method  is  confirmed  because  the  mode  sum  may  legitimately  be  terminated  after  inclusion  of  only  the 
lowest-loss  modes,  with  the  truncation  error  quantified  by  the  (negligible)  ray-optical  field. 


To  force  a situation  where  the  geomet ric -optical  field  is  not  negligible,  it  is  necessary  to  choose  M so 
that  not  all  low-loss  modes  are  included.  Accordingly,  we  have  calculated  the  field  also  for  M = 3,  4. 

The  results  are  shown  in  Fig.  7(b).  The  agreement  with  the  reference  solution  is  now  poorer  than 
before  but  the  correct  general  trend  is  preserved.  Since  now  > tt/2  - J 2 An  , the  ray  reflection 

coefficient  cannot  be  approximated  by  Debye  formulas  but  requires  use  of  the  Airy  function: 

WJ(t)  W|(t+xD) 

w.  (U  ■ IT.  (t  + xn> 

R(t ) = — ! (361 

-W^(t)  W'(t  + xD> 

W,"(t)  + W ( (t  + x D) 

with 

t = (k  a/2) ^ w“  , w = it/ 2 • w (36a I 


It  should  be  emphasized  that  the  validity  of  the  ray-optical  formulation  is  strained  in  this  parameter 
range  since  the  rays  strike  the  interface  almost  at  grazing  incidence. 

When  the  source  and  (or)  observation  points  are  moved  from  the  interface  into  the  region  p < a , the 
influence  of  the  tightly  bound  whispering  gallery  modes  with  tt/2  - V 2An  < w < tt/2  is  de-emphasized 
since  their  field  decays  rapidly  away  from  the  boundary  (Pappert,  R.  A.  and  C.  L.  Goodhart,  1977). 

It  is  then  expected  that  modes  with  w < tt/ 2 - j2An  become  important,  thereby  providing  a better 
framework  for  the  hybrid  representation.  This  aspect  is  now  being  studied. 


APPENDIX  1 - Approximation  of  continuous  spectrum  integral. 
From  (3)  and  the  relation  for  the  Hankel  functions, 

(1)  (1) 

iV  (k.a)  = exp  (jf  i v tt)  H*  (k.a) 


-v 

one  obtains 


g(a»  a,  - v ) = ~ 


Substituting  (A2)  into  (22)  , 


ilt  [exp(L2v  it)  + Hv(2’(k,a)l>t2(k1a) 


1 - exp  (i2v  tt)R  (v  ) 


(IT  - 1 

^ i exp(i2v  tt  ) (k  j a )[  1 + R(v  )] 

‘s  , = ~ / ' 

l o 


1 - exp(i2v  tt)  — ppj R (v  ) 


*p(iv  | <i»  -<J>  ' | ) dv 


HjZ)(k,a) 

k 1 ^ l/3 

One  may  employ  Debye  approximations  for  | v - kja|>(  — — ) 


(1) 

H*21  (ka) 


tt k a cosw 


— exp  ( + i £ (w)  + i tt/4| 


(1)  , 

H12’ (ka) 


V2  cos 
tt  k a 


exp  [ + i £ (w)  + iff/ 4] 


(Al) 


(A2) 


(A3) 


( A 4) 


where 


C(w)  = ka  f cosw  - ( tt/2- w)  sin  w|  (A4a) 

and  (A4)  is  valid  for  |arg  (C(w)w  3)  | < 2tt/3  . 

Let 

v = k ja  sin  w (A  Sa) 

and 

dv  = kja  cosw  dw  - i kj  a cosh  v dv  ( A Sb) 

where  the  last  equality  is  valid  on  the  imaginary  axis  in  the  v -plane  (Abramowitz  and  I.  Stegun,  1964). 
Using  the  Debye  approximation  in  (A4),  with  ( A *»a,  b),  in  (A3),  one  may  obtain: 


1 r 

l - “ T^f  , 

1 o 1 - (-t)  exp[  i2k  ja(cosh  v- v sinh  v )]  exp(-nkja  sinh  v ) 


| 1 + R ( v)]  “ exp[  - k ^a  l n+  | «J>  - 4>  ' | ) s » nh  v ] exp[  i2k  j a (cosh  v-  v sinh  v)] 


d v 


"TwIUR(0,1 


, f~  exp(i2kja) 

( tt  + |4>  -<t>  ' |)  k j a 


_ exp  (i  4 k . a ) 
+■  (-i)R(o) 


( 2 tt -f  | <t>  - 4>  ' | ) k ja 


1 +0,^7 

J k.  a 


where 


K(0)  = 


1-  J I - 2 An 
1 + J\-2±n 


The  asymptotic  result  in  (A6)  follows  on  geometric  series  expansion  of  the  integrand  and  evaluation 
each  integral  in  the  series  by  integration  by  parts.  Similarly, 

•iJO  exp  (i  2 v tt  )[  H v (k.a)|[l+R(v)|  exp(-iv|<j> - <♦>')] 

I = ■ t J ~ * n~i  tt]  ^ v 

2 o 1-  R (v  ) exp(i2v  irlll^  ( k ^ a ) / (kjal 


- if 1+  R (o)l 


exp(i2k.a)  _ exp(  + i 4k  a| 

1 +( - UR  (o) 1 


2 r ‘•xpu  w k ^ 

( TT  - 1 4>  - <t> 


1*1 


( 2 tt-  | <t>  - O ’ | )k  , 


r v 1 i 

To  deal  with  the  integral  l in  (21),  we  write: 

o 

expli  v |o-o'|)  d v 


+ O ( -irT) 

kIa“ 


«c-  , J' 


0 (nkja)4  -i«  [ Jj  (k  ja)  - Jy  (k  (a)  Z(v  )]  [ Hy(  4 (k,  a)  - Z(v  ) ‘'(k  ,a)] 


, (21,. 


where 


Z(v  ) = 


or 

k,  H (k,al 


kl  H(1|(k,a, 

V ? 


The  denominator  in  (AH)  may  be  rewritten  as: 
1 


D = 


^ H^’lk^l  H^2)(k  ta ) - Z(v)  [ hJ  1 ’(k  ,3)  H^21  (k  ,a  I + H J 1 1 ’ (k  , a » Hj2l(k|al] 


+ Z2(v  lH,2,(k,a)H  1 U(k  ,a)  + | H(?l'(k,al-  Z(v  ) H *2,(k.a)]2 

V 1 V 1 1 V 1 V I 1 


Using  Debye  approximations  from  (A4)  , 
^ J_  2 c o s w 


2 

f 7/1  n 

[( 

, + Z_twj_) 
COS  w ' 

+ exp(-in/2) 

* - rxp  ,i  "tz)  j exp,“  ^ ^(w,) 

where 


with 


Z(w)  = r exp  (in/2)  cos  w 

rys  ? 

cos  ^ V 1 ~\\T'  sxn'xj 


Thus,  on  the  imaginary  axis,  for  v > 0 


O - 7 ZC°Sh*  [ + exp(-in/2l  (l  * V I - ^r) 

2 "V  L cosh2v  V co*hZv  / 

whe re  £(  v)  is  given  by  (31b)  with  w = iv  . It  follows  that 


exp 


(-2i  l ( v)  ) 


I - - j 

c A n J 


exp 


(-k  ,a  |<t>  -<t>  ' | sinh  v ) dv 


O'”  [ 


2An 


+ 4(-i)  exp  (-  irk  .a  sinh  v ) exp  f - 2ik  .a  (cosh  v - v sinh 


V|]J 


Here,  the  contribution  from  - i « to  0 in  (AH)  is  neglected  since  it  is  O ( r ) (see  A(6))  . 

k|3 


) (A6) 

of 

(A7 ) 

(AH) 

(A9I 

(A10) 

(All! 

(A  121 

(A  1 2a) 

(A  1 3) 

(A  14) 


APPENDIX  Z - Approximation  of  R 


F rom  (30), 


R - - -1  f 

NM  ' 4 n 


NM 


_ N+l  N+l 

[ 1 + R(w) ) £ f R(w)]  ( - i)  exp(iqN(w))exp  [ i2C  (w)j 


1 - R (w)  exp  | i 2C  ( w )]( - i ) 

We  now  rewrite 

( - i > exp[  i2^  (w)]  R(w)  j 


1 -(-i)  exp  [ iZ*>  (w)]  R(w) 


-i[ 


1- 


1+  ( — i ) exp  ( 2i£  (w)  ] R( 


l + (-i)  exp  ( 2iC  (w)]R(w) 


(w  I 

w)  J 


= - ^ 1 + i tan  f(C  ( w)  + ^12-*  + ir/4  1-  ii  In  |R  (w)  |^j 


where 


R (w)  = exp  [ i 0 (w)|  exp  [ In  |R  (w)  |] 


If  the  saddle  point  for  the  last  ray  satisfies 

6(w  ) 

, X ( 'VK 1 + j— — + it/  4 = j s 


where  j is  an  integer, then  the  remainder  term  becomes  approximately  (see  (32)1 


I f,  1 - R l WN 1 ~) 

RNM  ~ * 2GN  L1-  ,+  r,w  , J 


I R ( »N  > I 

Jn  1 + Ir  . WN 1 1 


This  result  is  used  in  (3*1). 


(A  1 51 


(A  !fcl 


( A I 7 ) 


(A  IS) 


I A 1 » ) 


IA20I 


*Note  that  the  phase  function  q (w)  does  not  include  the  phase  of  the  reflection  coefficient  terms  that 
appear  as  amplitudes.  Therefore,  the  ray  paths  do  not  have  lateral  shifts  on  the  boundary.  For  the 
case  of  interest  here,  (he  shift  effects  are  negligible  when  the  Debye  approximation  can  be  applied. 
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Fig.  1 Physical  configuration.  The  "perfect  angu- 
lar absorber"  introduces  a scattering  center  at 
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Fig.  3 Integration  path  decomposition  in  complex 
v-piane.  Also  shown  are  the  integrals  Ic  , Ig  and 

I_  . Wien  the  integration  contour  C is  Bhangid  to 

*o  o 

C. ,'witb  the  same  integrand,  one  obtains  in  addition 
N 

to  the  integral  along  the  residues  representing 
the  whispering  gallery  modes  from  m * M to  m * M +1. 
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Fig.  4 Steepest  descent  paths  and  singularities  In 
w-plane  (v  * k^a  sin  w).  The  saddle  points  for  the 
direct  ray  and  the  N times  reflected  ray  (last  ray) 
are  wQ  and  w^,  respectively.  When  the  remainder 
integral  (see  equation  (3la))  is  along  CN,  one  has 
in  addition  to  the  integral  the  contributions  from 
the  whispering  gallery  mode  poles  m * + 1 to  M. 

Also  the  deformed  path  may  capture  creeping  waves 
with  £ > N. 
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Fig.  6(a)  In  this  sketch,  without  the  earth's 
boundary ,_the  effects  of  modes  with  caustics  smaller 
than  the  Mth  mode  caustic  are  accounted  for  by  ray 
optical  fields  with  N * 2. 


Fig.  5 Geometric  optical  ray  path  (n  - 2) 
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Fig.  6(b)  In  this  sketch,  in  presence  of  the 
earth's  boundary,  the  direct  ray  is  blocked  and 
omitted  from  the  calculation. 


Fig.  6 Pictorial  representation  of  ray-mode  com- 
bination. The  M whispering  gallery  modes  included 
are  those  whose  caustics  fit  between  the  interface 
and  the  N-times  reflected  ray  trajectory. 


Fig*  7(a)  M > 6 so  that  all  whispering  gallery  modes  with  very  small 
loss  are  included.  Hie  ray-optical  contribution  is  very  small. 


Fig,  7(b)  3 < M < 6 so  that  some  of  the  whispering  gallery  modes  with 
very  small  loss  are  omitted.  The  ray-optical  remainder  may  now  be 
appreciable . 

Fig.  7 Comparison  of  mixture  of  rays  and  whispering  gallery  modes  with  whispering  gallery  mode  sum. 

The  reference  solution  involves  summation  over  30  whispering  gallery  modes  and  is  shown  as  the  solid 
curve.  The  hybrid  representation  of  modes  and  rays  is  shown  as  the  dashed  curve,  and  M and  N indicate 
the  number  of  modes  and  rays,  respectively.  Actually  computed  points  are  indicated  by  • for  the  mode 
sum  and  X for  the  ray-mode  mixture,  respectively,  with  the  number  next  to  X denoting  M.  The  number  N of 
included  rays  is  shown  near  the  bottom  scale.  The  direct  ray  (n*0)  is  omitted  from  the  calculation  (see 
Fig.  6(b)). 
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ABSTRACT 

It  has  long  been  recognized  that  waveguide  concepts  can 
he  used  to  at  least  qualitatively  explain  much  anomalous  tropo- 
spheric radio  wave  propagation  and  the  advent  of  the  electronic 
computer  has  made  it  possible  in  recent  times  to  perform  detailed 
-use  study  comparisons  between  theory  and  experiment.  In  this 
paper  several  case  studies  which  have  been  treated  by  waveguide 
concepts,  which  follow  closely  Budden’s  formalism,  are  reviewed. 
Points  of  discrepancy  between  calculation  and  observation  are 
singled  out  along  with  some  problem  areas  worthy  of  further 
study. 

I INTRODUCTION 

For  several  years  an  effort  at  this  laboratory  has  been 
directed  towards  waveguide  computer  modeling  of  propagation 
for  a broad  class  of  horizontally  stratified  refractivity  structures. 
These  include  shallow  surface  ducts  and  ground  based  or  earth 
detached  ducts  produced  by  elevated  layers  as  well  as  the  simul- 
taneous occurrence  of  combinations  of  such  environments.  The 
computer  modeling  has  advanced  to  the  stage  where  it  has  been 
possible  to  perform  detailed  case  study  comparisons  between 
theory  and  experiment  and  the  intent  of  this  paper  is  to  review 
some  of  those  case  studies  pointing  out  some  of  the  areas  of 
discrepancy  along  with  some  of  the  remaining  problem  areas. 

2.  APPROACH 

Since  waveguide  formalism  is  well  documented  by  a 
number  of  authors  (Kerr,  195 1 . Brckhovskikh.  l960;Buddcn. 
1961 : Wait,  1972),  the  essence  of  the  present  approach  will  be 
reviewed  only  very  briefly.  First,  the  developments  are  in  terms 
of  an  earth  flattened  geometry  where  earth  curvature  is  included 
in  the  index  of  refraction  Therefore,  in  the  usual  terminology  n 
in  Figure  I is  the  modified  refractive  index  referenced  to  I at  the 
ground  and  its  height  behavior  for  a combination  surface  duct 
and  elevated  layer  is  shown  schematically.  In  the  numerical 
methods  used,  the  modified  refractivity  profile  is  approximated 
by  linear  segments.  The  number  of  linear  segments  is  essentially 
unlimited.  The  normal  modes  are  found  subject  to  the  boundary 
conditions  of  outgoing  wave  at  the  top  and  outgoing  wave  in  the 
ground  The  fundamental  mode  equation  can  be  developed  quite 


simply  in  terms  of  plane  wave  reflection  coefficients.  In  Figure  I 
is  shown  jn  infinilcsim.il  vacuum  gap  al  height  h above  the  ground 
The  gap  is  also  shown  expanded  with  the  inclusion  of  an  upgoing 
and  downgoing  plane  wave  determined  by  the  complex  angle  » 

If  Rj,  is  the  plane  wave  reflection  coefficient  from  everything 
above  b.  then  Rj,  operating  on  the  upgoing  wave  U gives  the  down- 
going  wave  1)  Similarly  it  R^  is  the  plane  wave  reflection  coeffi- 
cient from  everything  below  b.  then  Rj,  operating  on  the  down- 
going wave  D gives  another  upgoing  wave.  The  self  consistency 
requirement  that  the  original  upgoing  wave  equal  the  upgoing 
wave  generated  by  the  reflection  processes  yields  the  fundamental 
mode  equation  shown  in  Figure  I. 

3.  SOLVING  THE  MODE  EQUATION 

Crucial  to  any  successful  waveguide  program  is  the  deter- 
mination of  all  significant  complex  zeros  of  the  fundamental  mode 


Rb(ft)U  = D 

Rb(»|Rb(0)U  = Rb(fl)0  = U 
(l  - Rb(fl)Rb(fl))u  = 0 t - Rb(fl)Rb(f»  = 0 
G(flr.0j)=  Rb(fl)Rb(0)  l«  1 

h'tfture  I Method  of  Apprwch  and  Mode  h qua  lion  l>e\rlopmenf 


fraCEDlNO  PAGE  BLaNK-NOT  filmed 


fl,Kl03(RAO) 

Figure  Zero  / oeahims  in  the  Complex  I genungle  Spaee 

equation.  One  solution  of  the  equation  is  fl  = 0.  (sing  this  knowl- 
edge and  plotting  the  G curve  defined  in  Figure  I allows  for  one 
method  ot  root  extraction.  An  example  is  shown  in  Figure  2.  The 
vertical  axis  is  the  imaginary  part  of  0 and  the  horizontal  axis  the 
real  part.  The  0’s  denote  solutions  on  the  G curve  traced  from  the 
origin.  As  will  be  seen  there  are  also  solutions,  represented  by 
X's  m Figure  2.  which  do  not  fall  on  the  Cl  curve  which  emanates 
from  the  origin.  It  is  believed  these  are  isolated  zeros  ti  e.,  zeros 
on  curves  lor  which  I R R I = I closes  upon  itself).  It  is  known 
(Pappert  and  Good  hart.  1 1,78 1 that  simple  transformations  can  be 
used  to  change  the  topology  of  the  complex  0 space  and  we  be- 
lieve although  by  no  means  have  proven  that  any  mode  of  sig- 
nificance  can  be  obtained  by  tracing  a (1  curve  Irom  the  origin 
lhat  is  to  say  that  a transformation  can  be  made  lor  which  each 
ot  the  X's  m Figure  2.  for  example,  can  be  made  to  tall  along  a 
(!  curve  traced  from  the  origin.  Questions  concerning  the  occur- 
rence of  isolated  solutions  as  well  as  what  can  he  done  by  trans- 
forming the  topology  of  the  eigen  angle  space  are  certainly  diffi- 
cult areas  deserving  of  additional  study . 

Another  method  which  by  no  means  has  been  fully  ex- 
ploited tor  finding  the  mode  solutions  is  based  on  an  ingenious 
algorithm  developed  by  Shellman  and  Morfitt  1 1 U7(> i It  is  based 
on  searching  the  periphery  of  a rectangular  region  of  the  eigen- 
angle  space  for  zero  or  180°  phase  contours  of  a modal  function. 
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The  modal  function  is  required  to  be  analytic  within  and  on  the 
boundary  of  the  search  rectangle.  The  latter  requirement  guaran- 
tees that  the  phase  contours  must  either  terminate  on  zeros  of  the 
modal  function  or  enter  and  exit  the  search  rectangle  (see  Figure  3). 
To  meet  the  requirement  of  maly ticity  within  and  on  the  boun- 
dary ol  the  search  rectangle  generally  requires  considerable  but 
straightforward  transformation  of  the  modal  function  shown  in 
Figure  I.  The  method  has  been  used  successfully  for  trilinear 
profiles  (Goodhart  and  Pappert.  1 0 7 7 ) ; that  is.  modified  refrac- 
tivities  approximated  by  three  linear  segments.  The  method  cer- 
tainly could,  and  we  believe  should,  be  extended  to  include  a 
broader  class  of  profiles.  Lengthy  computer  times  can  be  antici- 
pated in  using  the  method  in  the  upper  UHF  band  because  the 
proximity  of  modal  solutions  can  require  very  small  mesh  squares 
to  be  used  in  the  two-dimensional  search  algorithm. 

4 CASK  STUD1FS 

To  give  an  idea  ol  the  dynamic  frequency  range  to  which 
the  waveguide  formalism  has  been  applied,  we  begin  with  a recent 
numerical  study  made  of  ducting  in  the  HF  band  (Pappert  and 
Goodhart.  submitted  to  Radio  Science).  Ill  a recent  study 
P Hansen  ( 1 7 7 y reported  measurements  over  a 235  km  southern 
California  all  ocean  path  in  the  frequency  range  from  4 to  32  MHz. 
No  skywave  contamination  existed  for  the  path.  Hansen  lound 
that  above  about  20  MHz  the  average  signal  levels  considerably 
exceeded  predictions  based  on  standard  ground  wave  theory. 
Available  during  a 24  hour  period  of  Hansen's  measurements  were 
nine  retractil  ity  profiles  recorded  at  lour  different  sites  which 
were  in  reasonable  proximity  to  Hansen’s  path.  Fach  refractivity 
provided  an  environment  lor  which  waveguide  calculations  were 
performed.  Figure  4 shows  measured  and  calculated  path  losses. 
The  average  path  losses  are  at  the  midpoint  of  the  error  bars 
which  represent  one  standard  deviation  on  each  side  ol  the  aver- 
age It  w ill  be  seen  that  the  calculated  averages  and  the  experi- 
mental averages  are  in  good  agreement.  Disparity  between  the 
calculated  and  observed  standard  deviation  is  attributed  to  Un- 
likelihood ol  lateral  inhomogeneity  of  the  guide  at  any  given 
time  which  has  not  been  taken  into  account  in  the  calculations. 

A major  purpose  of  Hansen's  measurements  w-as  to  check 
out  Barrick's  ( l‘)7|  | surface  roughness  theory  for  ground  wave 
propagation.  An  area  deserving  study  concerns  the  question  of 
whether  Barrick's  theory  applies  in  the  presence  of  ducting  en- 
vironments. although  it  seems  likely  that  surface  roughness 
effects,  except  perhaps  for  the  highest  sea  states,  would  be  sub- 
dominant  to  the  field  enhancement  due  to  the  ducting  at  fre- 
quencies above  about  20  MHz. 

Figure  5 shows  a case  study  made  at  f>5  MHz.  Il  applies 
to  offshore  San  Diego  measurements  during  a period  when  an 
inversion  layer  characterized  by  a 40  M unit  deficit  existed  be- 
tween about  600  and  1000  ft  (Pappert  and  Goodhart.  1077). 

Shown  are  measured  and  calculated  height  gain  behavior  for  a 
I 20  nautical  mile  range  with  the  receiver  at  100  ft.  The  vertical 
axis  is  altitude  and  the  horizontal  axis  is  signal  level  in  dB  relative 
to  free  space.  Also  shown  is  the  height  gain  for  a "normal"  non- 
ducting  environment.  Knhanccmcnt  of  the  signal  due  to  ducting 
near  the  midpoint  of  the  duct  is  about  40  dB  and  it  should  he 
noted  that  there  is  no  evidence  of  a radar  hole  above  the  layer.  On 
the  contrary  the  signal  levels  above  the  layer  arc  also  much  en- 
hanced over  the  normal  field.  Clearly  the  waveguide  model  docs 
an  excellent  job  of  predicting  signal  levels  in  this  single  mode 
case  The  case  study  of  Figure  5 is  also  of  interest  because  it  is  a 
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Figure  4.  Case  Study  of  Due  ring  at  HF  Frequencies 


Ron 


450 
400 
350  ^ 

U4 

O 

300  g 

P 

250  < 
200 
150 
100 


SIGNAL  STRENGTH  (DB  RELATIVE  TO  FREE  SPACE) 


'I 


case  for  which  calculations  have  been  made  using  a phase  integral 
method  (Hayes,  1973),  In  particular,  the  method  in  this  instance 
has  been  used  to  determine  the  reflection  coefficient  referenced 
to  the  ground  for  the  layer  structure  shown  schematically  in 
Figure  6.  K is  the  free  space  wave  number  and  zqj  i are  zeros  of 
the  quantity  q and  are  indicated  schematically  by  the  X’s  on  the 
layer  structure.  If  the  zeros  are  sufficiently  separated  the  expo- 
nential term  in  the  denominator  of  Rq  is  very  small  relative  to  one 
and  the  formula  reduces  to  the  conventional  form  given  in  standard 
textbooks.  The  modified  form  discussed  by  Hayes  allows  for 
leakage  through  the  layer  by  virtue  of  the  exponential  term  in  the 
denominator. 

Figure  7 shows  a comparison  of  the  phase  integral  calcula- 
tion with  the  full  wave  and  experimental  results  (Pappert.  1 9 74 1 
It  will  be  seen  that  the  phase  integral  method  does  quite  an  ade- 
quate job  in  this  instance.  Although  much  remains  to  be  done  in 
assessing  the  adequacy  and  utility  of  phase  integral  methods,  they 
do  seem  to  offer  promise  in  applications  such  as  1RFPS  ( Richter 
and  Hitney,  1977)  where  approximate  hut  quick  computational 
methods  arc  required. 

Figure  X shows  for  the  same  environment  which  applied  to 
Figure  5 height  gains  along  with  normal  signal  levels  at  3.3  GHz 
for  a 1 20  nautical  mile  range  and  receiver  altitude  of  500  ft 
(Pappert  and  Goodhart,  1977).  The  comparison  between  calcu- 
lated and  experimental  results  is  quite  good.  This  case  is  an  example 
of  signal  level  calculation  by  waveguide  concepts  when  the  number 
of  modes  is  on  the  order  of  100.  The  large  number  of  modes  points 
out  the  need,  of  course,  for  approximate  methods  such  as  ray  hop. 
phase  integral.  GT1)  or  hybrid  methods.  Nevertheless  the  resultsof 
Figure  8 show  that  with  enough  fortitude  waveguide  calculations 
can  be  carried  at  least  n the  several  GH/  range  even  for  elevated 
layers  and  of  course  a reliable  waveguide  program  can  be  used  as  a 
tape  measure  to  assess  the  accuracy  ol  approximate  methods. 

Figure  9 shows  additional  results  close  to  3 GHz  (Pap- 
pert  and  Goodharl.  1977;  Hitney.  Pappert.  Hattan  and  Good- 
hart.  1978).  Shown  are  calculated  and  measured  path  losses  as 
a function  of  range  for  a transmitter  at  08  ft  and  a receiver 
at  3000  ft.  The  range  covers  the  line  of  sight  region,  the 
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Figure  5.  Height  (lain  Curves  for  Ground  Based  Duct 
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diffraction  region  and  the  region  well  beyond  the  horizon.  Two 
waveguide  results  are  shown.  One  is  for  the  elevated  layer  environ- 
ment shown  in  insert  (b)  of  Figure  9,  which  was  indicated  by  radio- 
sonde measurements  made  during  the  period  of  the  measurements 
and  the  other  is  for  the  surface  duct  shown  in  insert  (c)  which 
meteorological  data  indicated  might  have  existed  at  the  time  of 
the  measurements.  The  arrows  are  crude  measures  of  the  horizon 
for  a direct  ray  ( 3t  75  naut.  mi.)  for  a ray  once  reflected  from  the 
elevated  layer  (S  I 70  naut.  mi.)  and  for  a ray  twice  reflected  from 
the  elevated  layer  (S  790  naut.  mi.).  Observe  that  the  waveguide 
calculated  path  loss  for  the  elevated  layer  shows  a large  increase  in 
the  neighborhood  of  the  arrows  consistent  with  what  might  be  ex- 
pected on  the  basis  of  a ray  hop  picture  and  greatly  overestimates 
the  observed  path  loss  beyond  the  first  horizon.  The  waveguide 
calculation  for  the  very  strong  evaporation  duct  gives  reasonable 
agreement  with  the  beyond  the  horizon  signal  However,  especially 
because  of  the  difference  between  the  experimental  and  shallow 
surface  duct  results  close  to  the  horizon  we  don't  believe  the 
shallow  surface  duct  has  been  definitely  established  as  the  source 
of  the  lowly  attenuated  mode  or  modes  propagating  beyond  the 
horizon.  A possible  alternative  explanation  is  that  there  are  many 
weakly  attenuated  modes  of  the  elevated  layer  system  which 
although  not  directly  excited  by  the  transmitter  may  be  excited 
by  mode  conversion  processes  due  to  possible  lateral  inhomogene- 
ity of  the  layer.  This  suggested  explanation  is  shown  schematically 
in  Figure  10.  The  layer  is  indicated  by  the  top  two  horizontal 
lines.  The  source  and  its  image  gives  in  the  line  of  sight  region  a 
typical  two  source  interference  pattern,  as  indicated,  which  falls 
off  at  the  horizon  If  the  layer  is  laterally  inhomogeneous  it 
would  be  expected  that  mode  conversion  from  the  direct  field 
to  weakly  attenuated  modes  of  the  system  would  occur  in  the 
line  of  sight  region.  These  weakly  attenuated  modes  would  then 
propagate  beyond  the  horizon  and  radiate  energy  out  as  indicated, 
either  by  virtue  of  large  scale  lateral  inhomogeneity  or  because  of 
turbulence.  The  drawback  in  pursuing  a model  like  this  is  of 
course  that  we  know  little  about  the  large  scale  lateral  inhomoge- 
neity to  lx-  expected  even  on  a statistical  basis. 

Figure  1 1 shows  another  in-flight  path  loss  with  range  be- 
havior recorded  in  an  offshore  San  Diego  environment.  The 
feature  of  interest  is  the  rather  sudden  recovery  to  nearly  free 
space  signal  at  about  (>5  naut  mi.  The  radiosonde  data  during 
the  period  of  the  measurement  indicated  the  rather  strong  elevat- 
ed layer  at  about  I 500  ft  Waveguide  calculations  based  on  the 
elevated  layer  are  shown  by  the  dashed  line  in  I igure  I 7 and  as  will 
he  seen  cannot  explain  the  observation.  An  alternative  explana- 
tion which  we  have  pursued  in  rather  cursory  fashion  is  based  on 
the  following  phenomenon  which  is  used  in  integrated  optics 
technology. 

Figure  15  shows  two  identical  guides  m d their  individua1 
modal  height  gam.  The  normal  modes  for  the  coupled  system  are 
the  symmetric  and  antisymmetric  combination  g|  and  gs.  each 
with  their  individual  propagation  constants  (3i  and  (3s  respectively. 
It  the  field  distribution  as  a function  of  x is  taken  to  be  expression 
g in  Figure  15  it  follows  that  at  x = 0 the  energy  is  localized  about 
the  lower  guide,  but  at  a coupling  distance  tr/((Js  -(3| ) the  energy 
is  localized  about  the  upper  guide.  Based  on  this  primitive  notion 
we  have  examined  quite  arbitrarily  whether  such  a coupling 
between  the  very  strong  evaporation  duct  shown  in  insert  (e)  of 
Figure  9 and  the  elevated  layer  might  be  responsible  for  the 
June  I 5th  recovery.  The  result  shown  in  Figure  14  for  the  com- 
bined system  cannot  explain  the  observed  recovery  and  we  arc 
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still  at  a loss  to  explain  such  behavior.  The  most  likely  explanation 
seems  to  he  lateral  inhomogeneity  though  no  data  is  available 
relating  to  that  possibility. 

5.  CONCLUSIONS 

Two  root  finding  methods  which  have  been  used  with 
some  success  have  been  reviewed  and  the  feeling  is  that  this  is 
still  an  area  worthy  of  future  research. 

Several  case  studies  of  tropospheric  ducting  have  been  se- 
lected to  illustrate  the  breadth  of  parametric  situations  to  which 
waveguide  formalism  can  be  applied.  Some  of  the  case  studies 
have  met  with  considerable  success  (see  e g.  Figures  4,  5 and  8) 
whereas  some  have  met  with  complete  tailure  (see  e g.  Figures  1 2 
and  14)  It  is  believed  that  the  failures  are  principally  due  to  a 
lack  of  knowledge  concerning  the  degree  of  lateral  inhomogeneity 
of  the  layers  studied  Theoretically  there  is  much  that  can  be  done 
in  implementing  mode  conversion  methods  (Clio  and  Wait.  1477) 
for  such  cases  and  this  appears  to  lx-  an  area  ripe  tor  development. 
The  need  lias  been  pointed  out  lor  developing  approximate  but 
quick  methods  (e  g.  phase  integral,  ray  hop,  GT I)  or  hybrid 
methods)  appropriate  to  the  microwave  range.  A reliable  wave- 
guide computer  program,  which  has  been  the  main  issue  ol  this 
paper,  can.  of  course,  be  extremely  useful  in  assessing  the 
adequacy  ol  such  approximate  methods 
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ABSTRACT 

The  development  of  the  UK's  detailed  model 
of  surface  evaporation  ducting  is  summarised, 
together  with  its  application  to  the  preparation 
of  a radiowave  range  prediction  method  for 
operational  use  at  sea.  The  method's  short- 
comings include  difficulty  of  use;  alternative 
remedies  are  the  provision  of  each  ship  with  a 
book  of  curves  giving  the  performance  of  its 
sensors  in  various  conditions,  or  the  implementa- 
tion of  the  method  on  a programmable  calculator. 
Initial  evaluation  data  suggests  that  a 
significant  improvement  over  earlier  methods  is  to 
be  expected,  but  that  significant  scatter  remains. 
A further  limitation  is  the  breakdown  of  the  model 
in  certain  conditions. 

A year's  measurement  programme  in 
West  Cornwall  (1976-7)  is  described  in  which 
regular  samples  were  taken  of  I Band  signal 
strengths  over  fixed  over-water  paths,  both  over- 
horizon and  line  of  sight.  The  receiving  station 
included  antenna*  at  several  heights  close  to  the 
sea  surface.  A wide  variety  of  sea  and  air 
conditions,  some  representing  open  ocean,  were 
covered.  Results  presented  include  details  of 
height-gain  curves,  fading  characteristics,  and 
comparisons  with  the  theoretical  model. 

The  conclusions  of  the  study  include  the 
following.  The  UK  model  is  highly  sensitive  to 
met  measurement  accuracy,  especially  humidity. 
Simpler  models  may  give  as  good  an  estimate  of 
surface  duct  propagation  as  the  full  model  (at 
least  in  this  case).  Current  synoptic  pictures 
could  be  useful  for  broad  brush  prediction.  Not 
enough  is  known  about  the  horizontal  homogeneity 
of  surface  layers  in  coastal,  waters.  Further 
work  is  required  to  determine  the  contributions 
of  elevated  layers  and  other  types  of  surface 
refractive  layer;  it  is  not  clear  for  what 
proportion  of  the  time  it  is  safe  to  make  surface- 
to-surface  predictions  using  a single  surface 
ducting  model. 

1.  INTRODUCTION 

This  paper  covers  more  than  one  of  the  major 
topics  of  this  conference:  it  is  to  some  extent 
a position  paper,  rather  than  a detailed  treatment 
of  any  one  aspect  of  our  work.  It  was  felt  that 
such  an  overview  would  be  most  appropriate  in  the 
circumstances. 


The  work  described  has  been  carried  out  by 
the  Admiralty  Surface  Weapons  Establishment  and 
its  contractors.  This  paper  does  not  necessarily 
represent  the  position  of  other  UK  authorities. 

The  first  part  of  this  paper  outlines  the 
development  of  our  surface  duct  model,  and  its 
application  to  prediction  methods  for  use  at  sea. 
Our  more  recent  propagation  measurement  programme 
is  then  described,  together  with  the  conclusions 
and  outstanding  problems. 

1.1  Historical  Background 

Our  work  arose  out  of  a requirement  to  be 
able  to  characterise  and  if  possible  predict  the 
variable  over-the-horizon  propagation  conditions 
we  were  encountering,  which  were  previously 
dismissed  an  'anomalous'.  An  initial  trial, 
using  aircraft  range  runs  against  a fixed  site, 
demonstrated  the  wide  variations  of  signal  levels 
to  be  expected  from  refraction  effects,  and 
established  a need  for  a fuller  theoretical 
understanding  of  the  surface  duct,  supported  by  a 
more  extensive  and  controlled  measurement 
programme. 

2.  MODELLING 

A theoretical  model  of  Surface  Evaporation 
Ducting  has  been  developed  for  us  by  S Rotheram 
at  Marconi  Research  Laboratories,  Chelmsford, 
England. 

A nodel  of  the  refractive  index  profile  has 
been  constructed,  incorporating  recent  boundary- 
layer  theory.  The  revised  set  of  refractive  index 
profiles  has  then  been  incorporated  into  a wave- 
guide mode  model  of  the  beyond  horizon  propagation 
through  the  duct. 

The  model  has  been  applied  retrospectively  to 
data  from  the  Hamburg  University  paths  in  the 
southern  North  Sea.  Good  agreement  between  theory 
and  measurement  was  obtained. 

A further  development  of  the  theoretical 
model  has  been  made  to  cover  line-of-sight 
propagation.  A phase  integral  representation  is 
used  for  the  wave  propagation  in  the  layered 
refracting  structure  of  the  duct.  Solutions  to 
the  differential  equation  are  developed  from 
Weber  parabolic  cylinder  functions.  Several 
different  integrals  are  required  to  cover  the 
different  cases: 


METEOROLOGICAL  DATA 


(a)  Direct  and  reflected  waves. 

(b)  Weak  and  strong  ducting. 

(c)  Disposition  of  the  terminal  points  with 
respect  to  the  duct.  Three  different 
classes  of  path  are  identified. 

The  position  of  the  interference  lobes  is 
shifted  due  to  the  phase  shift  introduced  by 
different  refraction  effects  on  direct  and 
reflected  path  lengths.  The  corresponding 
imbalance  of  amplitudes  reduces  the  depths  of  the 
nulls,  since  complete  cancellation  depends  upon 
equal  amplitudes  of  direct  and  reflected  waves. 

The  effect  of  sea  roughness  has  been 
incorporated  in  the  model,  the  incoherent 
reflected  wave  being  treated  statistically. 

The  effect  of  the  rough  sea  is  to  decrease 
the  coherently  reflected  wave,  particularly  at 
short  ranges,  and  thus  reduce  the  amplitude  of 
the  interference  pattern.  The  5$  and  95$ 
probability  levels  are  also  included.  In  the 
presence  of  a strong  duct,  the  angle 

of  incidence  at  reflection  from  the  sea  tends  tc 
increase,  which  in  turn  leads  to  a larger  value 
of  the  Rayleigh  Parameter  and  to  an  increase  in 
the  magnitude  of  the  incoherent  reflected  wave. 
This  is  another  way  of  saying  that  we  expect  sea 
clutter  to  be  enhanced  under  ducting  conditions. 

At  the  same  time  the  coherent  reflected  wave 
is  much  reduced,  thus  reducing  the  amplitude  of 
the  interference  pattern  still  further.  The 
phase  effect  (ie  the  displacement  of  the  lobes) 
is  the  same  as  for  the  smooth  sea  case. 

3.  APPLICATIONS 

3.1  engineers*  Curves 

The  principal  application  of  the  Surface 
Duct  Model  is  to  assessments  of  the  performance 
of  existing  and  future  censor  systems  in  ducting 
conditions.  The  model  itself  is  available  to 
our  engineers  in  the  form  of  a FORTRAN  program 
suite.  Additionally  a book  of  ringir.eers'  Curves 
has  been  prepared,  which  may  be  entered  with  the 
Duct  Height,  Atmospheric  Stability,  Sea  State, 
and  system  parameters  ie  Antenna  Heights,  Radio 
Frequency.  Curves  of  signal  strength  (with 
respect  to  free  space)  versus  range  are  presented, 
together  with  curves  of  attenuation  coefficients 
and  height  gain  functions  to  enable  other  curves 
to  be  constructed,  eg:  signal  strength  vs  height, 
or  signal  strength  vs  duct  height.  A full  range 
of  ducting  conditions  and  radio  frequencies  is 
covered,  for  the  beyond-horizon  case  only. 

3.2  RSG-6  Prediction  Metho d 


Another  important  application  of  this  work 
is  to  the  on-board  prediction  of  propagation 
conditions  and  their  effects  on  sensors,  using 
on-scene  meteorological  measurements.  A manual  t 
prediction  method  has  been  prepared  from  Rotherams 
theoretical  model,  with  funding  from  NATO  Research 
Study  Group  RSG-6. 

S 

\ 
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Figure  1.  RSG-6  Prediction  Method. 

The  form  of  the  calculation  is  indicated  in 
Figure  1.  The  usual  single-point  met  data  are 
used,  namely  air  temperature,  humidity  and  wind 
speed  at  a single  known  height  above  the  sea, 
together  with  sea  temperature.  A correction  for 
sea  state  is  also  available.  The  calculation 
proceeds  via  duct  height  and  atmospheric 
stability.  For  each  sensor  system  the  radio 
frequency  and  receiver  and  transratter  or  target 
heights  are  then  brought  in,  together  with  the 
power  factors  such  as  e.r.p. , receiver 
sensitivity,  target  cross-section;  these  power 
factors  are  incorporated  into  a or.ce-and-for-all 
calculation  of  free  space  range. 

If  an  assumption  has  been  made,  such  as  a 
standard  target  in  the  radar  case  or  a standard 
emitter  type  in  the  ESM  case,  it  is  better  that 
this  should  be  explicit  and  not  buried  in  the 
prediction  method.  I r.ave  therefo’-.-  recommended 
that  a warning  note  should  accompany  any  predic- 
tion that  depends  on  assumptions  of  this  kind. 

It  is  important  not  to  give  the  impression  of 
precision  where  none  exists. 

The  calculation  is  at  present  set  out  as 
approximately  30  steps,  each  of  which  is  either 
a simple  arithmetic  calculation  or  n curve 
reading.  It  is  assumed  that  a simple  calculator 
will  be  available  to  assist  with  the  arithmetic. 
The  method  is  designed  for  use  by  qualified 
Met  Officers,  like  its  predecessor;  it  can  be 
expected  to  take  in  excess  of  15  minutes  to 
perform,  although  the  initial  ten  steps  leading 
to  duct  height  anil  atmospheric  stability  do  not 
have  to  be  repeated  when  considering  additional 
sensors  operating  in  the  same  environment. 

A preliminary  comparison  has  been  made 
between  the  RSG-6  prediction  method  and  an 
earlier  method  based  on  German  work,  using  ship- 
to-ship  data  collected  on  a deployment  in  the 
Red  Sea  and  South  Pacific  in  1975/6.  The  data 
sample  is  small,  but  includes  UHF/VHF,  E/F  and 
I bands.  Strong  evaporation  ducting  was 
present  throughout  the  sample. 
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Figure  2.  'German'  Prediction  Method  Performance. 

Figure  2 indicates  the  performance  of  the 
older  method.  Predicted  maximum  range  is  plotted 
against  measured  maximum  range.  An  error  histo- 
gram is  given  above,  error  being  defined  as 
prediction  minus  measured  signal.  The  method 
fails  to  account  for  the  variation  of  the  range 
enhancement  with  radio  frequency  (this  is  the 
main  failing)  and  with  terminal  height  and  power 
factors. 


Figure  3*  RSG-6  Prediction  Method  Performance. 


Figure  3 shows  the  performance  of  the 
Marconi  method  against  the  same  data.  The 
variation  with  RF  is  much  better  modelled.  A 
considerable  scatter  still  remains,  but  is 
centred  about  zero  error.  ESM  intercept  ranges 
during  the  trial  were  particularly  variable  and 
difficult  to  predict.  From  this  limited  sample 
it  can  be  said  that  the  Marconi  method  shows 
promise.  It  does  have  limitations  however: 

(a)  It  only  deals  with  surface  evaporation 
ducting.  Evidence  is  accumulating  to 
the  effect  that  in  many  cases  it  is  not 
safe  to  ignore  other  forms  of  refraction 
effect,  such  as  elevated  layers  and 
advection  ducts. 


(b)  The  duct  model  used  breaks  down  under 
certain  conditions;  fortunately  in  a 
fairly  obvious  way.  When  the  air 
temperature  is  much  in  excess  of  sea 
temperature,  excessive  duct  heights  are 
returned  which  lead  to  invalid  predic- 
tions. We  have  found  that  the  failure 
conditions  are  not  common  in  temperate 
waters,  but  about  a third  of  the  data 
from  the  Red  Sea  and  South  Pacific  led 
to  failure.  Further  refinement  of  the 
duct  model  will  be  required  if  the 
method  is  to  be  fully  useful  world  wide. 

(c)  In  its  present  form  the  method  is  too 
slow  and  difficult  to  use.  We  have 
therefore  studied  methods  for  simplify- 
ing and/or  automation  of  the  method, 
especially  for  use  on  smaller  ships. 


3*3  'Fast  Prediction  Method* 


In  one  possible  solution  the  usual  met  data 
are  collected;  a programmable  calculator  then 
performs  the  steps  to  derive  the  duct  height. 

This  value  might  profitably  be  communicated  to 
other  platforms  in  the  force,  especially  to  those 
unable  to  make  met  measurements  themselves. 

Another  alternative  is  to  include  duct  height  in 
a more  general  forecast.  This  has  the 
disadvantage  of  generality;  the  surface  duct  can 
be  a localised  phenomenon.  There  is  no  substitute 
for  good  on-scene  met  data.  The  climate  around 
the  British  Isles  is  very  variable,  limiting  the 
effectiveness  of  historical  refractivity  methods; 
short  term  changes  tend  to  swamp  long  term 
trends. 

The  final  stage  of  the  method  could  use 
curves  of  performance  versus  duct  height,  prepared 
for  the  given  ship's  particular  sensors,  and  thus 
incorporating  the  known  antenna  heights  and  power 
factors.  Separate  curves  would  be  required  for 
each  frequency  band  and  for  each  radar  type. 

The  alternative  to  these  curves  is  to 
implement  the  whole  method  on  a programmable 
calculator.  This  has  just  been  achieved  (with 
some  shuffling  of  cards)  on  a Hewlett  Pacliarri  67. 
Some  simplification  of  the  method  was  required. 
This  Fast  Prediction  Method  has  now  to  be 
evaluated  for  accuracy  and  ease  of  operation. 

4.  WEST  CORNWALL  MEASUREMENT  PROGRAMME  1976-7 

To  supplement  the  evaluation  of  Rotheran'c 
model  against  German  data  from  Helgoland,  we 
have  made  an  extended  series  of  propagation 
measurements  at  Gunwalloe  in  West  Cornwall, 
aimed  particularly  at  covering  a wide  range  of 
weather  conditions,  and  collecting  data  for  a 
range  of  receiver  heights. 

-.1  Si  ter;  and  Conditions 


Figure  4.  Location  of  Propagation  Sites. 

The  West  Cornwall  location  was  chosen 
because  it  is  reasonably  open  to  ?I  Atlantic 
weather  and  sea  conditions  in  the  prevailing  SW 
air  stream. 


SCIUY 

Figure  3-  Cornwall  Propagation  Paths. 

Fixed  paths  between  coastal  sites  were  used, 
to  provide  sampling  over  a xong  period,  to  provide 
a wider  coverage  than  would  be  available  from 
relatively  short  trials  with  ships  and  aircraft 
I band  navigational  radars  with  fixed  antennas 
are  sited  at  St  Mary's,  Isles  of  Scilly,  to 
provide  a beyond  horizon  path  of  45  nautical 
miles,  and  at  Newlyn  to  provide  a line  of  sight 
path  of  nautical  miles. 

Horizontal  polarisation  is  used.  The  3*9  dB 
beamwidth  of  the  St  Mary's  antenna  is  narrow 
enough  to  eliminate  all  but  the  lowest  elevated 
ducts  from  effective  contribution  to  the 
received  signal  at  Gunwalloe.  Similar  J band 
transmitters  have  recently  been  commissioned  on 
each  site;  but  measurements  are  in  progress.  Met 
data  for  ducting  calculations  are  collected  at 
Seven  Stones  Light  Vessel,  adjacent  to  the  long 
path,  supplemented  by  measurements  at  the  coast 
when  appropriate. 

The  receiving  site  at  Gunwalloe  is  equipped 
with  antennas  at  50  feet  above  low  water  and  a 
stack  of  six  horns  between  low  water  and  25  feet. 
These  give  us  a fairly  full  set  of  measuring 
heights  as  the  tide  height  varies.  The  sea  bed 
shelves  steeply  in  front  of  the  mast,  so  wave 
steepening  is  only  significant  close  in,  and 
open  sea  conditions  are  maintained  over  most  of 
the  path  in  southerly  weather. 

The  main  measuring  programme  comprised  one 
week's  measurement  each  month  for  a year,  thus 
sampling  a variety  of  conditions.  Signal  levels 
on  both  paths  and  at  all  heights  were  recorded 
every  four  hours,  at  times  coinciding  with  met 
data  collection  at  Seven  Stones.  More  frequent 
recordings  were  taken  when  signal  behaviour 
required. 

The  climate  sampled  in  the  year  included,  as 
we  had  hoped,  a very  wide  variety  of  weather  and 
sea  conditions,  ranging  from  calm  dry  high 
pressure  to  the  strong  winds  and  rapidly  changing 
conditions  associated  with  the  passage  of 
depressions  and  frontal  systems.  Another 
important  and  fairly  common  weather  type  is 
relative  calm  with  sea  mist  or  fog.  In  these 
conditions  no  duct  becomes  established  - poor 
visibility  and  poor  over-the-horizon  radar  cover- 
age being  correlated  in  this  case. 
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Figure  6.  Occurrence  of  0 t Height  (Seven  Stones). 


Figure  7.  Beyond-horizon  Signal, 

26-29  April  1977. 


Figure  6 presents  histograms  of  the  calcula- 
ted duct  height  for  the  summer  and  winter  periods. 
The  strongest  ducts  appeared  only  in  the  summer 
months,  but  significant  ducting  can  occur  year- 
round. 

4.2  Signal  Characteristics  and  Fading 


Figure  7 shows  a typical  plot  of  four  days 
over-the-horizon  signal  data.  The  dotted  lines 
represent  signal  predictions.  The  following  points 
are  worth  notings 

(a)  The  signals  at  different  heights  have 
similar  time  variation.  An  interesting 
exception  is  the  first  of  the  four  days, 
where  a sharp  rise  in  signal  level 
becomes  established  first  at  15  metres, 
and  subsequently  in  turn  at  5 metres, 

2 metres  and  1 metre,  over  a period  of 
hours.  Large,  sudden  changes  of  signal 
level  were  often  readily  correlated  with 
the  passage  of  frontal  weather  systems. 


(b)  The  prediction  follows  the  measured 

signal's  overall  variation,  on  a time- 
scale  of  several  days.  It  fails  to 
keep  in  step  with  the  sudden  increase 
on  the  26th  however.  This  time  lag 
between  prediction  and  measured  signal 
was  observed  on  several  occasions;  it 
suggests  the  movement  over  the  area  of 
a horizontally  inhomogeneous  air  mass. 


A subset  of  the  recorded  signal  data  has 
been  examined  for  fading  characteristics.  The 
subset  derives  entirely  from  summer  measurements 
(April,  May  and  June)  but  it  includes  the  full 
range  of  signal  levels  and  propagation 
conditions. 
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Figure  3.  Fade  Rate  vs  Signal  Level. 

In  Figure  8 the  fade  rate  (positive  zero- 
crossings  per  minute)  is  plotted  against  signal 
level.  Fading  depth  is  also  indicated  by 
categorising  the  points,  into  shallow,  nediur.  and 
deep  fading  to  help  to  distinguish  fading  types. 
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The  compression  at  the  top  of  the  figure  is 
due  to  limitations  of  the  recording  medium, 
which  would  not  allow  measurement  of  fade  rates 
greater  than  60  Hz,  though  they  could  still  be 
resolved. 

The  following  features  were  observed: 

(a)  Weal:  signals  exhibit  deep  fast  fading, 
the  Rayleigh  fading  of  a scatter 
signal . 

(b)  Stronger  signals  experience  two 
principal  types  of  fading: 


Figure  9*  Typical  Height-Gain  Curves 
(30  May  1977). 

Our  measurement  programme  was  therefore 
designed  to  provide  signal  strengths  for  a range 
of  heights  above  sea  level,  which  we  convention- 
ally plot  as  a height-gain  curve  of  height  versus 
signal  strength.  The  left-hand  curve  is  for  the 
beyond-horizon  link;  the  right-hand  curve  for 
the  line  of  sight.  Arrows  about  the  measured 
points  indicate  fading  range.  The  dotted  lines 
are  the  theoretical  curves.  This  is  an  example 
of  a good  fit  between  theory  and  measurement. 


(i)  Shallow,  fast  scintillation, 
which  was  in  fact  observed  in 
virtually  all  signals. 

(ii)  Glower  variations  in  level, 
which  in  most  cases  are  also 
shallow.  With  very  strong 
signals,  however,  deep  slow 
fading  may  sometimes  occur. 

The  line  of  sight  signal  '..’as  almost  always 
steady,  but  subject  to  scintillation.  However, 
on  one  occasion  deep  slow  fading  was  observed. 

.3  Height-Gain  Curves 

One  of  our  principal  concerns  is  the 
variation  of  signal  strength  with  height  close 
to  the  sea  surface.  Theoretical  results 
suggested  that  in  the  strongest  ducting  a re- 
entrant in  the  height/gain  relationship  could 
occur,  such  that  signal  strength  decreased  with 


Despite  some  variation,  the  general  shape 
of  the  measured  height-gain  surve  is  fairly 
constant,  especially  close  to  the  sea.  Varia- 
tions in  absolute  level  are  much  greater  than 
variations  in  shape  of  the  height-gain  curve. 


HEtCHT 


Figure  10.  Measured  Shape  of  Height-Gain  Curves. 


Figure  10  presents  a sample  of  measured  height- 
gain  surves  normalised  about  the  signal  level  at 
2 metres  above  sea  level.  It  further  demonstrates 
the  fairly  constant  shape  of  the  signal  vs  height 
relationship  in  a wide  variety  of  duct  strengths. 
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Figure  11.  Predicted  Shape  of  Height-Gain 
Curves. 

Figure  11  shows  the  predictions  for  the  sane 
sample  of  height-gain  curves,  normalised  at 

2 metres  as  before.  The  shape  of  the  height-gain 
curve  is  generally  much  better  predicted  than  its 
absolute  level.  This  led  us  to  consider  whether 
the  use  of  a standard  shape  for  all  predictions 
would  introduce  significant  additional  error.  It 
was  found  that  overall  the  additional  error  would 
be  small  compared  with  the  error  already  present. 
However,  certain  important  special  cases  would 

no  longer  be  predicted,  notably  the  shallow 
re-entrants  above  2 or  3 metres  that  sometimes 
occurs  in  strong  ducting.  More  severe  re-entrants 
were  not  found,  nor  any  re-entrants  below 

3 metres. 

4.4  Comparison  with  Prediction 
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Figure  12.  Scatter  Diagram:  Predicted  vs 
Measured  Signal. 

Many  workers  have  presented  their  results 
in  the  form  of  scatter  diagrams  of  predicted 
signal  against  duct  height  or  against  measured 
signal.  Figure  12  presents  one  of  our  scatter 
diagrams,  for  beyond-horizon  signal  strengths  at 
2 metres  above  sea  level.  A poor  correlation  is 
apparent.  The  signal  levels  at  other  heights 
are  similarly  scattered.  The  line-of-sight 
signal  was  much  better  predicted  however,  with 
rms  error  typically  7 dB,  while  the  beyo.nd- 
horizon  rms  prediction  error  was  typically  20  dB. 
The  correlation  coefficients  obtained  from  the 
beyond  horizon  scatter  plots,  while  formally  quite 
significant,  indicated  that  a significant  part  of 
the  variance  of  the  measured  signal  was  due  to 
factors  not  correctly  included  in  the  prediction 
process. 

5.  SOURCES  OF  ERROR 

5.1  Signal  Measurement 

Signal  measurement  error,  including  calibra- 
tion inconsistencies  etc,  would  only  account  for 
+_  4 dB  error  at  worst  (systematic  and  random 
error  combined). 

5.2  Sensitivity  of  the  Model  to  Meteorological 

Measurement  Accuracy 

The  model  was  found  to  be  very  sensitive  to 
inaccuracies  in  certain  met  parameters.  Wind 
speed  and  sea  state,  varied  together  over  the 
likely  range,  gave  variations  up  to  8 dB. 
Sensitivity  to  sea  temperature  and  air  tempera- 
ture variation  was  roughly  16  dB/Deg  C and 
12  dB/Deg  C respectively.  Inaccuracies  in  wet 
bulb  temperature  are  naturally  the  most  serious 
of  all,  leading  to  changes  of  up  to  50  dB/Deg  C. 


It  is  particularly  important  to  use  well 
calibrated  pairs  of  thermometers  for  the  wet  and 
dry  bulb  hygrometry,  and  for  the  air  temperature 
and  sea  temperature  measurements,  so  that 
temperature  and  humidity  gradients  may  be 
accurately  found. 


EXPECTED 

INCIDENCE 

31% 


Despite  this  sentivity  problem,  wet  and  dry 
bulb  hygrometry  can  be  a sufficiently  accurate 
technique,  with  temperature  readings  to  0.1  Deg  C 
leading  to  an  accuracy  of  about  "\%  relative  hu- 
midity in  ideal  conditions. 

In  our  case  we  estimated  0*1^  °C  as  typical 
measurement  error  for  wet  bulb  and  sea  temperature, 
and  0.1  °C  for  dry  bulb  error.  This  would  contri- 
bute an  r.m.s.  prediction  error  of  3 dB.  This 
will  not  account  for  the  extreme  prediction  errors 
found. 


•3  Horizontal  Inhonogonci ty 

The  other  meteorolorical  consideration  affect- 
ing the  result  is  horizontal  homogeneity.  The 
ducting  model  characterises  the  propagation  path 
by  measurements  of  air  and  sea  conditions  at  one 
point.  This  has  produced  u.-eful  results  for  open 
sea  conditions,  and  studies  of  the  decorrelation 
of  duct  height  with  time  suggest  that  such 
characterisations  can  bo  expected  to  have  validity 
of  an  average  3 to  4 hours. 

This  assumption  of  horizontal  homogeneity 
must  be  questioned  for  coastal  v/aters  in  the 
light  of  our  results.  Another  loo!:  at  the  map 
(Figure  9)  suggests  that  while  our  Seven  Stones 
met  data  could  well  be  representative  of  the 
beyond- horizon  path  in  south  to  south  west  winds, 
it  doer,  not  necessarily  represent  the  inshore 
half  of  the  path,  especially  in  unsettled  condi- 
tions and  in  winds  wit!:  a northerly  component.  It 
is  certainly  open  to  question  as  a measure  of  the 
line  of  sight  path. 

Good  horizontal  homogeneity  of  the  duct  has 
bee!  found  in  some  areas  by  Richter  and  others. 

Our  conditions  differ  in  their  tendency  towards 
unsettled  weather  conditions,  and  the  relatively 
mobile  sea  with  strong  tidal  currents  and 
irregular  depth,  which  subjects  the  sea  surface 
temperature  to  fairly  abrupt  fluctuations. 

Finally,  there  is  the  adjacent  land  mass,  which 
may  contribute  an  advcction  duct  in  north  or 
north-east  weather  and  in  settled  anticyclonic 
conditions. 

6.  SYNOPTIC  APPROACH  hug 

It  was  questioned  whether  a broader  descrip- 
tion of  the  current  synoptic  weather  situation 
might  be  used  to  give  a broad  brush  prediction. 
This  would  be  of  use  where  the  full  method  could 
not  be  used,  perhaps  because  detailed  net  data 
were  not  available. 
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Figure  13«  Simplified  Weather  Classifications. 

A simplified  classification  of  weather  type 
by  pressure  patterns  was  derived  from  Bilhan 
(1933).  Similar  classifications  could  be 
developed  for  other  areas.  The  synoptic  chart 
for  noon  of  each  observing  day  was  examined 
and  classified  according  to  this  scheme. 
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Figure  14 
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Beyond  Horizon  Signal  vs  Weather 


as  high,  medium  or  low 


Figure  14  shows  histograms  of  the  noon  5 metre 
signal  for  each  category.  The  ordinate  is  signal 
strength  in  dB  with  respect  to  free  space.  The 
percentage  occurrence  of  each  weather  type  in  our 
sample  is  compared  with  Bilhara'6  figures  at  the 
right. 


The  sample  is  small,  but  high  signals  only 
appear  in  weather  Types  D and  F,  and  moderate 
signals  in  Type  B.  This  is  not  unexpected,  since 
Type  B is  the  north-westerly  air  stream  often 
associated  with  the  relatively  dry  and  clear 
weather  following  a cold  front;  Type  D is  the  dry 
north-easterly  continental  air  stream;  and  Type  F 
is  a static  anticyclone.  High  signal  levels 
might  also  have  been  expected  in  weather  Type  C, 
but  our  sample  of  this  type  is  too  small  to  be 
significant. 

The  median  signal  in  each  weather  class  has 
been  used  as  a predictor,  prediction  errors  using 
this  synoptic  method  had  a standard  deviation  of 
15  dB  as  against  the  21  dB  using  the  full  model. 
The  synoptic  method  fails  to  predict  the 
important  highest  signal  levels  as  well  as  the 
full  metnod  however. 

It  should  be  noted  that  measured  current 
synoptic  pictures  were  used,  rather  than  fore- 
casts or  historical  data.  Short  term  forecasts 
are  not  expected  to  introduce  much  additional 
error. 
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Figure  15*  Signal  vs  Wind  Vector. 

The  Bilham  classification  is  based  on 
pressure  patterns,  but  it  is  reducable  to  wind 
direction  without  much  loss  of  information.  This 
suggested  an  even  cruder  prediction  method,  only 
applicable  to  a given  location,  using  wind 
direction.  In  Figure  15  the  position  of  the 
points  represents  wind  direction  and  strength, 
the  signal  strength  being  classified  by  symbology 


High  and  medium  signals  occur  only  in  winds 
with  a northerly  component. 

These  correspond  to  the  pressure  Patterns  B, 

D and  F.  A simple  prediction  classification  by 
wind  direction  again  gave  15  dB  rms  error. 

In  conclusion,  simplifier  and  synoptic 
models  would  seem  to  offer  some  prediction 
capability,  which  may  be  useful  when  full 
surface  ducting  calculations  are  not  possible  or 
not  applicable. 

7.  ALTERNATIVE  PROPAGATION  MECHANISMS 

We  conclude  that  in  the  test  environment  the 
propagation  is  not  fully  described  by  the  surface 
duct  model  alone.  A feature  of  the  results  is 
that  a number  of  measured  signals  are  strong 
while  the  prediction  is  quite  low.  It  is  likely 
that  these  under-predicted  signals  are  due  to 
alternative  propagation  mechanisms. 

Jeske  (1977)  has  drawn  attention  to  the 
incidence  and  influence  of  elevated  layers  on 
10  GHz  surface-to-surface  over-the-horizon  paths. 
The  results  contained  two  classes  of  signal,  of 
roughly  equal  occurrence.  One  type  of  signal, 
characterised  by  fast  fading,  was  well  predicted 
by  ar.  evaporation  duct  method.  The  other, 
characterised  by  slow  fading,  was  usually  badly 
under-predicted,  and  is  associated  by  Jeske 
with  elevated  ducting. 

We  obtained  retrospectively  radio-sonde 
profiles  for  two  subsets  of  our  data,  one 
corresponding  to  the  severely  under-predicted 
signals,  the  other  a control.  Unfortunately 
the  nearest  radio-sonde  data  was  for  a point  some 
miles  inland  and  therefore  of  limited  applica- 
bility. Furthermore,  the  geometry  of  our  over- 
the-horizon  path  was  such  as  to  limit  effective 
elevated  layer  contributions  to  the  lower  and 
narrower  ducting  layers,  and  these  tend  to  be  so 
narrow  that  they  are  not  registered  by  standard 
meteorological  radio-sondes.  Perhaps  because  of 
these  two  problems,  no  correlation  could  be 
found  between  our  severe  under-predictions  and 
elevated  layers. 

More  significantly,  a comparison  between 
those  signals  of  slow  fading  and  those  of  severe 
under-prediction  yielded  no  correlation,  unlike 
Jeske' s very  clear  results.  There  is  a need  for 
further  work  to  determine  the  extent  to  which 
elevated  layers  will  affect  surface  paths.  It  is 
by  no  means  clear  that  elevated  layers  can 
generally  be  ignored  for  surface  to  surface 
predictions,  but  it  may  well  be  that  line-of-sight 
and  short  over-horizon  paths  will  be  unaffected, 
depending  on  antenna  elevation  beamwidths. 


In  anti-cyclonic  conditions  especially,  dry 
air  spreads  out  from  the  land  over  coastal  waters, 
forming  an  advection  duct  whose  thickness  is  much 
in  excess  of  that  of  a pure  evaporation  duct. 

The  strength  moreover  depends  strongly  on  the 
distance  from  the  coast.  The  advection  duct  will 
not  necessarily  conform  to  our  model  of  the  refrac- 
tive index  profile  for  the  evaporation  duct,  and 
horizontal  homogeneity  is  lost.  A detailed 


surface  evaporation  duct  prediction  on  met  data 
from  a single  off-shore  point  cannot  be  expected 
to  cope  with  advection  ducting. 


Advection  ducts  are  a problem.  We  know  when 
and  where  they  are  generally  likely  to  occur,  but 
they  are  difficult  to  measure  because  they  are  not 
necessarily  uniform  over  an  area.  This  also  makes 
them  difficult  to  model.  Ideally  we  should  collect 
refractivity  profiles  all  along  the  path  and  then 
integrate  along  it  to  find  the  resultant  field. 

A generally  applicable  full  theory  cannot  be 
prepared  since  the  form  of  the  duct  will  depend 
on  local  geography.  A model  for  a straight  flat 
coastline  would  be  an  interesting  first  step. 
Advection  ducting  remains  a significant  gap  in 
our  radiometeorology . 

8.  CONCLUSION 

In  summary,  coastal  waters  are  important  to 
us,  and  coastal  refractive  effects  are  complex 
phenomena  made  up  of  more  than  one  contributing 
mechanism.  A detailed  model  of  surface  ducting 
will  not  describe  signal  conditions  correctly  on 
all  occasions.  The  effects  of  elevated  layers 
cannot  always  be  neglected,  and  the  formation  and 
effect  of  advection  ducts  demands  further  study. 

As  an  interim  measure,  simple  synoptic  methods  give 
some  prediction  capability. 
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RADAR  CLUTTER  UNDER  ATMOSPHERIC  DUCTING  CONDITIONS 
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ABSTRACT 

Atmospheric  ducting  phenomena  can  seriously 
influence  radar  coverage,  significantly  extending 
radar  ranges  or  causing  radar  "holes."  Such 
atmospheric  ducting  conditions  influence  not  only 
the  radar  target  return  signal,  but  also  the  signal 
returned  from  other  objects  i.e.,  radar  clutter. 
Expected  improvements  in  radar  performance  due  to 
some  ducting  conditions  can  be  seriously 
diminished , if  not  converted  to  degraded 
performance,  due  to  clutter  effects.  An  "on-board" 
capability  to  assess  the  effects  of  atmospheric 
ducting  conditions  on  Navy  sensor  per formance  has 
been  developed  in  the  I REPS  (Integrated  Refractive 
Effects  Prediction  System)  project  at  NOSC. 
Presently,  the  IREPS,  or  any  other  known  general 
purpose  performance  assessment  system,  does  not 
adequately  consider  clutter. 

Radar  clutter  return  has  been  investigated 
extensively,  both  theoretically  and  experimentally, 
and  several  empirical  models  for  sea  clutter  have 
recently  been  developed.  These  sea  clutter  models 
have  many  features  in  common,  particularly  the 
consideration  of  only  standard  atmospheric 
conditions.  A sea  clutter  effects  model,  capable 
of  consideration  of  non-standard  atmospheric 
conditions,  has  been  developed  for  intended  usage 
in  the  IREPS.  The  model,  which  couples  a classical 
ray-optics  propagation  formulation  with  an 
empirical  sea  clutter  cross-section  model,  is 
discussed.  Also  presented  are  predicted  effects  on 
radar  coverage  due  to  a variety  of  atmospheric 
ductinq  environments.  The  clutter  effects  model  is 
most  appropriate  to  a propagation  environment 
resulting  from  an  elevated  refractive  layer 
producing  a ground  based  duct.  For  such  ducting 
conditions,  the  clutter  effects  model  predicts  the 
occurrence  of  discretely  spaced  "clutter  rings,"  in 
agreement  with  observations. 

I.  INTRODUCTION 

Atmospheric  ducting  phenomena  can  seriously 
influence  radar  coverage  conditions.  For  example, 
significantly  extended  radar  ranges  can  occur  due 
to  ducting,  and  "holes"  in  radar  coverage  can 
result  from  refractive  layers.  Such  atmospheric 
ductinq  conditions  influence  not  only  the  radar 
target  return  signal,  but  also  the  signal  returned 
from  other  objects;  i.e.,  radar  clutter. 
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Propaqation  models  applicable  to  anomalous 
atmospheric  conditions  such  as  ductinq  have 
recently  been  developed  at  the  Naval  Ocean  Systems 
Center  (NOSC)  in  association  with  the  development 
of  the  Integrated  Refractive  Effects  Prediction 
System  (IREPS)  as  discussed  by  Hitney  in  these 
proceedings.  Recall  that  the  purpose  of  IREPS  is 
to  provide  an  "onboard"  capability  to  assess  the 
effect  of  atmospheric  refractive  anomalies  on 
sensor  performance.  The  effort  involves  the 
development  of  models  which  express  the  effects  of 
refractive  anomalies  in  terms  of  equipment 
performance,  the  verification  of  these  models,  the 
software  development  of  the  models  for  shipboard 
implementation,  and  the  inclusion  of  meteorological 
statistical  data  to  estimate  the  probability  of 
encountering  refractive  anomalies  as  a function  of 
qeoqraphic  area  and  season.  The  IREPS,  however, 
does  not  presently  consider  clutter. 

A very  successful  initial  shipboard 
demonstration  of  IREPS  aboard  the  USS  ENTERPRISE 
was  conducted  durinq  summer  1976.  During  this 
demonstration  an  excellent  example  of  ductinq 
effects  on  clutter  was  observed.  A pictorial 
presentation  of  these  observations  is  shown  in 
Figure  1.  Shown  in  the  figure  is  a reproduction  of 
a hand  drawn  tracing  of  a SPS-12  radar  display  for 
16  June  1976  at  about  2000  Z.  Note  that  the  normal 
radar  horizon  is  about  17  Nmi  in  this  case  so  that 
the  occurrence  of  an  elevated  refractive  layer 
producing  a surface  based  duct  is  clearly 
indicated.  Refractivity  profiles,  obtained  during 
the  time  period  the  extended  coverage  was  observed 
but  not,  unfortunately,  at  the  time  the  clutter 
rings  were  most  enhanced,  indicated  the  presence  of 
a surface  based  duct  resulting  from  a thin 
refractive  layer  at  about  300  metre  altitude. 

The  sea  clutter  rings  in  the  left  central 
portion  of  the  display  were  observed  during  some, 
but  not  all,  of  the  time  the  coverage  was  extended 
due  to  the  refractive  layer.  One  description  of 
the  rings  given  by  an  observer  was  that  they  tended 
to  "fade  in  and  out"  while  remaining  nearly  fixed 
in  position.  A common  feature  of  the  clutter  rings 
is  depicted  in  the  central  rings  shown.  This  is 
the  splitting  or  separation  into  two  narrow  rings. 
Another  conmon  characteristic  is  the  tendency  of 
rings  to  form  first  in  a narrow  angular  sector. 


then  qrowing  in  azimuthal  extent  until  one  or  more 
concentric  rings  fully  encircle  the  center  of  the 
radar  display,  then  gradually  disappearing, 
starting  in  the  angular  sector  in  which  they  first 
appeared  and  finishing  in  a sector  in  the  opposite 
direction,  all  the  while  remaining  at  a nearly 
constant  range. 


FIGURE  1.  SIMULATED  SPS-12RADAR  DISPLAY 
SHOWING  OBSERVED  CLUTTER  RINGS 
(16  JUNE  76  2000  Z) 


NOSC  is  currently  involved  in  exploratory 
development  of  numerical  models  that  assess  the 
effects  of  the  environment,  particularly 
atmospheric  ducting  conditions,  on  radar  sea 
clutter  signals.  This  investigation  is  being  made 
from  two  qeneral  viewpoints.  The  one  viewpoint, 
most  applicable  to  the  elevated  layer,  ground  based 
duct,  considers  ducting  effects  on  sea  clutter  with 
a combination  of  an  empirically  derived  normalized 
sea  clutter  cross-section  (Dyer,  1978)  coupled  with 
a ray-optical  propagation  model . The  other 
viewpoint  is  more  applicable  to  general 
ducting-clutter  problems  and  involves  the 
consideration  of  scattering  effects  of  a rough 
ground  plane  by  using  a waveguide  mode  propagation 
model  combined  with  classical  mode  conversion 
concepts.  in  this  formulation,  the  sea  back 
scatter  is  modeled  in  terms  of  conversion  of 
forward  propagating  modes  into  backward  propagating 
modes . 

Only  the  first  model,  using  a ray-optical 
propagation  formulation,  will  be  further  discussed 
in  this  report,  and  is  considered  in  the  next 
section.  The  empirical  normalized  sea  clutter 
cross-sect  ion  will  also  be  considered  in  Section 
II.  In  Section  III,  implementation  of  the  clutter 
effects  model  into  the  IREPS  will  be  discussed. 
Further,  some  predicted  effects  of  sea  clutter  on 
radar  coverage  for  a variety  of  environmental 
conditions  will  be  presented  in  Section  III. 

CYLINDRICAL  CARTESIAN 
COORDINATE  FRAME  COORDINATE  FRAME 


The  theory  of  radar  clutter  return  has  been 
investigated  extensively  (e.g.,  Wright,  1968). 
Experimental  observations  of  clutter  have  also  been 
reported  (e.g.,  Wiltse,  et  al,  1957  and  Daley,  et 
aZ,  2968).  Several  attempts  have  been  made  to 
combine  the  experimental  and  theoretical  results 
into  a working  model  for  sea  clutter  cross- section. 
A notable  example  of  such  efforts  is  found  in  ‘he 
empirical  models  recently  developed  for  sea  clutter 
(e.g.,  Daley,  1973;  Sittrop,  1975).  Most 
theoretical  radar  clutter  models  have  two  features 
in  common.  One  is  the  essentially  statistical  des- 
cription of  the  clutter  sources,  and  the  other  is 
the  consideration  of  only  standard  atmospheric 
conditions.  The  ompirica)  models  likewise  are 
essentially  based  on  the  assumption  of  radar 
propagation  under  standard  atmospheric  conditions. 
No  clutter  model  exists  which  is  adequate  under 
atmospheric  ducting  conditions. 

Two  types  of  atmospheric  ducts  occur  which  can 
be  expected  to  greatly  influence  sea  clutter.  One 
is  the  surface-ovaporat ion  duct,  which  is  formed 
essentially  by  the  sea  surface  and  the  minimum  in 
the  near  surface  refractive-index  profile,  which  is 
in  turn  determined  by  the  vertical  distribution  of 
water  vapor  resulting  from  evaporation.  The  other 
is  a ground  based  duct  formed  by  an  elevated 
refractive  layer.  Propagation  in  the  two  different 
environments  can  be  best  considered  using  two 
different  formulations.  Vertical  dimensions  for 
evaporation  ducts  are  on  the  order  of  metres  to 
very  few  tens  of  metres  and  a waveguide  mode 
formulation  would  be  appropriate  for  this  type  of 
duct.  Vertical  dimensions  for  ground  based  ducts 
formed  by  an  elevated  refractive  layer  are 
typically  on  the  order  of  many  tens  of  metres  to  a 
few  hundred  metres  and  ray-optical  formulations 
would  be  appropriate  here. 
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FIGURE  2 TRANSFORMATION  FROM  CYLINDRICAL 
COORDINATE  FRAME  TO  CARTESIAN  COORDINATE  FRAME 


II.  PROPAGATION  AND  CLUTTER  CROSS-SECTION  MODELS 

The  geometrical  basis  for  the  ray-optical 
propagation  formulation  is  developed  in  the 
following  way.  The  propagation  environment  is 
assumed  to  be  two  dimensional  with  the  earth 
represented  by  a cylinder  and  propagation  in  a 
plane  transverse  to  the  cylinder  axis.  A classical 
conformal  transformation  to  Maxwell's  equations  in 
cylindrical  form  is  employed,  converting  the 
geometry  from  cylindrical  to  rectangular 
(Cartesian) . This  transformation  has  been 
discussed  in  the  context  of  earth  flattening  by 
Richter  (1966)  and  has  been  widely  applied  in 
radiowave  and  radar  propagation  problems  when  earth 
curvature  in  the  direction  of  propagation  is  an 
important  factor.  The  net  effect  of  the 
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transformation  is  to  chanqe  from  the  cylindrical 
geometry  with  refractive  index  given  by  n to  the 
rectangular  geometry  with  refractive  index  given  by 
n multiplied  by  exp(z/a),  where  a is  the  radius  of 
the  earth  and  z is  essentially  the  altitude  above 
the  earth  (see  Figure  2) . 


At  this  point,  recourse  to  Snell's  law  in  the 
transformed  coordinate  frame  is  necessary.  The 
refractive  index  in  this  frame,  n^,  is  given  by 

n « eZ/a  (z)  (3) 


The  formulation  of  a ray  path  trajectory  in  the 
clutter  effects  model  is  somewhat  unconventional 
and  is  found  in  the  following  way.  First  it  is 
assumed  that  the  original  refractive  index  is  known 
or  can  be  determined  only  at  a limited  number  of 
altitudes.  It  is  often  assumed  at  this  point  that 
the  refractive  index  is  continuous  and  varies  in 
some  prescribed  way  between  these  altitude  points, 
and  some  type  of  "ray  trace"  formulation  is  used  to 
compute  the  ray  path.  Rather  than  doing  this,  it 
is  here  assumed  that  the  refractive  index  is 
continuous  with  unknown  variation  between  profile 
points  and  that  the  ray  path  in  the  transformed 
coordinate  frame  is  parabolic  between  refractive 
index  profile  heights.  Thus,  if  x,  z represent  the 
coordinates  of  a point  on  a ray  path  between  two 
profile  heights,  then 


z = ax2  + yx  (i) 


Because  the  atmospheric  refractive  index  n(z)  is 
only  slightly  greater  than  unity,  it  is  convenient 
to  write  n(z)  =4  1 + 6n(z)  where  6n  < 1. 
Typically,  6n  10  so  in  order  to  have  a number  of 
more  convenient  magnitude,  the  "refgactivity"  g has 
been  defined  to  be  N = (n  - 1)  x 10  = 6n  x 10  . 

Expanding  the  exponential  term  in  (3),  using 
thg  modified  refractivity , defined  as  M = N + 
10  z/a,  and  retaining  terms  to  first  order  in 
smallness,  Snell's  law  in  the  rectangular  frame  is 

n^OOS/3  = CONSTANT  = Aq 
or 

(l  + io~6m)  cos  3 = a (4) 

r O 

The  constant  A is  conveniently  determined  at  some 
height  where  M and  /3  are  both  known.  Using 
trigonometric  identities  in  (2)  along  with  Snell's 
law  from  (4)  yields 


where,  for  convenience,  the  reference  point  x = 0, 
z = 0,  is  chosen  at  one  profile  height  and  x = x , 
z = z^  will  be  chosen  at  the  other  (see  Figure  3j. 


„ io‘6(m,  - m )(2  + io-6(m,  + m )) 

n = l o l o 


4 A 


0 1 


(5) 
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FIGURE  3 PARABOLIC  RAY  PATH  TRAJECTORY 


Differentiating  (1)  with  respect  to  x,  recognizing 
that  this  slope  is  equal  to  tan (3  , where  0 is  the 
angle  between  the  ray  trajectory  and  the  x axis, 
and  calling  the  initial  angle  0^  (where  x = 0) 
and  the  final  angle  (where  x = x^),  yields, 

after  some  algebra 

y - tan^j 

a - ta"2/?i  - tan^2  (2) 

4li 


If  a small  angle  ( (3  ■ 10“  ) approximation  were 
valid,  assuming  a quadratic  order  to  the  variation 
between  profile  points  for  a ray  trajectory  would 
be  equivalent  to  a linear  variation  in  modified 
refractivity  between  profile  points.  Making  such 
an  assumption  in  general,  and  writing 


where  .1M/.1  Z is  the  slope  of  the  modified 
refractivity,  and  using  M as  the  average  value  of 
M,  (5)  becomes 

or,  within  the  spirit  of  the  approximations 


The  ray  path  between  profile  heights  is  thus 
essentially  determined  through  knowledge  of  the 
path  angle  at  one  height  and  the  change  in  M 
between  the  heights. 

Some  properties  of  ray  paths  which  are 
important  to  the  question  of  sea  clutter  under 
ducting  conditions  are  shown  in  Figure  4.  A 
surface  based  duct  resulting  from  an  elevated 
refractive  layer  is  shown  diagramatically  in  Figure 
4 as  a tri- linear  M-profile.  Assume  that  a ray 
source  is  located  at  some  height,  such  as  position 
A in  the  fiqure.  From  (1)  and  (6) , a ray  will  be 
concave  upward  within  the  first  linear  segment  of 
the  profile  and  concave  downward  within  the  second. 
Further,  from  Snell's  law  (4),  the  magnitude  of  the 
slope  of  any  ray  trajectory  will  be  the  same  at  all 
points  within  the  profile  with  the  same  M-value, 
provided  of  course,  that  the  ray  reaches  the 


particular  point  at  all.  For  example,  a ray 
launched  horizontally  (labelled  © in  Figure  4}  at  A 
will  be  continually  turned  upward  until  reaching 
the  first  change  in  profile  slope  and  will  then 
begin  turning  downward.  As  the  ray  approaches  the 
height  A',  where  the  M-value  is  the  same  as  at  A, 
the  ray  trajectory  will  again  approach  horizontal 
and  continue  turning  downward,  thus  being 
"reflected"  at  height  A'.  The  ray  trajectory  again 
changes  concavity  where  the  M-profile  slope  changes 
and  is  again  horizontal  at  height  A,  being 
reflected  upward  at  this  height.  The  ray  is  thus 
"ducted"  or  "trapped"  between  A and  A'. 


FIGURE  4 SAMPLE  RAY  PATHS  WITH  A SURFACE 
BASED  DUCT. 


Consider  a ray  launched  downward  at  A with  such 
an  angle  that  the  continual  upward  turning  will 
result  in  a horizontal  trajectory  just  above  the 
surface.  Such  a ray,  labeled  © in  Figure  4,  will 
be  trapped  between  the  heiqhts  of  P and  B'  as  shown 
in  Figure  4.  Any  ray  launched  below  this  ray  will 
reach  the  lower  surface  (which  is  necessary  before 
the  ray  can  contribute  to  sea  clutter)  and  be 
reflected  according  to  the  usual  laws  of  reflection 
at  a plane  interface.  There  is  a launch  angle  for 
which  a ray  will  just  become  horizontal  as  it 
approaches  C'  in  Figure  4.  Such  a ray,  labeled  o 
in  Figure  4,  will  be  reflected  downward  at  C'  and 
will  thus  be  trapped  between  the  surface  and  C'  . 
Any  ray  launched  below  this  ray  (such  as  ray  ©in 
Figure  4)  will  reach  the  height  C'  at  a non-zero 
angle  and  continue  upward,  escaping  through  the  top 
of  the  duct.  There  is  thus  a range  of  downward 
launch  angles  for  which  rays  will  be  both  trapped 
in  the  duct  and  reflected  off  the  lower  (sea) 
surface.  By  symmetry  and  reciprocity  arguments, 
there  is  also  a family  of  rays  with  upward  launch 
angles  which  will  be  trapped  in  the  duct  as  well  as 
be  reflected  off  the  lower  surface.  It  is  these 
two  families  of  rays  which  contribute  to  sea 
clutter  enhancement  under  conditions  when  an 

elevated  refractive  layer  produces  a surface  based 
duct. 

This  geometrical  property  is  perhaps  best  seen 
by  examining  a series  of  ray  trace  trajectories  for 
an  actual  profile.  Shown  in  Figure  5 are  two 
modified  refractivity  profiles,  each  typifying  a 
thin  refractive  layer  with  top  at  about  1200  feet 
(366  metres).  One  of  the  profiles,  designated  Ml, 
has  a modified  refractivity  minimum  at  the  top  of 
the  layer  of  approximately  10  M-units  less  than  the 
surface  value  and  the  other  profile,  M2,  has  a 
minimum  value  of  approximately  40  M-units  less  than 
the  surface  value. 


FIGURE  5.  REFRACTIVITY  PROFILES  IN  N-AND-M  UNITS 
(N  (n  1)*106;M  NMh/a)O0‘) 
n refractive  index  c/v 


Using  these  two  refractivity  profiles,  the  ray 
trace  propagation  model  was  exercised.  The  results 
are  r!<own  in  Figure  6 for  the  weaker  duct  - Ml,  and 
in  Figure  7 for  the  stronger  duct  - M2.  Also  shown 
in  each  figure  is  the  grazing  angle  as  a function 
of  range.  Note  in  Figure  6 that  most  of  the 
trapped  rays  depicted  never  actually  reach  the 
surface.  These  rays  could  contribute  to  a 
significant  radar  return  from  elevated  targets 
(e.g.,  land  masses)  but  could  not  contribute  to  sea 
clutter  return.  This  point  is  further  emphasized 
by  the  grazing  angle  plots.  These  plots  show  the 
grazinq  angle  for  rays  which  strike  the  surface. 
Note  from  Figure  6 for  example  that  no  rays  reach 
the  surface  between  about  15  nmi  to  50  nmi . 
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FIGURE  6 RAY  TRACE  DIAGRAM  AND  GRAZING  ANGLES  FOR 
MODIFIED  REFRACTIVITY  M 1 RADAR  HEIGHT  142  feet 


Further,  the  maximum  grazing  angle  for  any  ray 
reaching  the  surface  is  between  four  and  five 
milliradians.  From  Figure  7,  for  the  stronger 
duct,  note  that  the  range  from  about  15  nmi  to  35 
rani  is  devoid  of  any  rays  reaching  the  surface. 
Also,  the  maximum  grazing  angle  for  the  stronger 
duct  is  increased  to  about  nine  milliradians. 


moderate  speeds.  For  example,  there  is  as  much  as 
a 20  dB  change  in  cross-section  between  10  knot  and 
15  knot  winds.  There  is  a much  decreased 
sensitivity  to  changes  in  wind  speed  at  higher  wind 
speeds  although  the  clutter  cross-sections  are  much 
larger  for  higher  wind  speeds.  Note  also  that  the 
directional  dependence  of  clutter  cross-section  is 
insensitive  to  the  actual  windspeed  and  grazing 
angle  although  there  is  some  sensitivity  to  the 
radar  band,  with  the  larger  directional  dependence 
at  higher  frequencies. 
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FIGURE  7 RAY  TRACE  DIAGRAM  AND  GRAZING  ANGLES  FOR 
MODIFIED  REFRACTIVITY  M2  RADAR  HEIGHT  142  feet 


The  clutter  cross-section  model  used  with  the 
ray  path  propagation  model  was  obtained  from  Dyer 
(1978).  The  model  is  semi-empirical  and  calculates 
the  normalized  clutter  cross-section  as  a product 
of  three  variables:  sea  direction,  windspeed,  and 
multipath.  The  model  assumes  a "fully  arisen"  sea 
for  which  wave  height  and  wind  speed  are  coupled 
under  the  assumption  of  equilibrium  conditions. 
Both  the  wind/sea  direction  dependence  and  the  wind 
speed  dependence  of  the  cross-section  model  are 
empirically  derived.  The  multipath  portion  of  the 
model  has  a theoretical  basis. 

The  sea  clutter  cross-section  per  unit  area  is 
shown  in  Figure  8 for  two  radar  frequencies  (c-Band 
and  L-Band)  at  several  wind  speeds.  Both  upwind 
and  downwind  values  are  shown  for  a 15  knot  wind 
speed.  Some  properties  of  the  sea  clutter  cross 
section  per  unit  area  are  to  be  especially  noted. 
For  high  wind  speeds,  the  sea  clutter  cross-section 
for  the  C-Band  increases  very  rapidly  at  very  small 
qrazing  angles,  reaching  a nearly  constant  value 
between  five  and  ten  milliradians.  This  property 
is  also  exhibited  at  1,-Band,  although  not  so 
dramatically.  For  both  bands,  there  is  a large 
sensitivity  to  variations  in  wind  speeds  for 


GRAZING  ANGLE  (MILLIRADIANS) 

FIGURE  8 NORMALIZED  SEA  CLUTTER  CROSS  SECTION 
(RELATIVE  dB)  VS  GRAZING  ANGLE  (- 1300  MHz. 

— • — 5600  MHz) 


The  operational  implications  of  the  combined 
ray  path  propagation  model  and  normalized  clutter 
cross-section  model  can  be  qualitatively  inferred 
from  the  considerations  of  the  individual  aspects 
already  discussed.  It  can  be  expected,  for 
example,  that  at  high  wind  speeds,  even  moderately 
strong  surface  based  ucts  will  result  in  enhanced 
clutter  effects.  The  clutter  ring  "splitting," 
mentioned  previously  in  regards  to  the  USS 
ENTERPRISE  demonstrations  of  the  IREPS,  can  be 
inferred  from  the  existence  of  two  sets  of 
influential  rays  (the  initially  upgoing  and 
downgoing  launched  sets) . The  existence  of  clutter 
rings  in  only  a limited  angular  sector  might  be 
inferred  by  the  directional  dependence  of  the 
clutter  cross-section,  but  horizontal  inhomogeneity 
in  the  environment  would  seem  a more  likely  cause. 
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III.  IMPLEMENTATION  INTO  I REPS 

The  basic  transmission  equation  for  radar  can 
be  written  (Kerr,  1951) 
p- 32  \2 

P,.  =■  — — F4  J,.  (7) 

“ -j  4 ^ 

(47T) 

where 


reference,  the  coverage  diagram  for  a non  ducted 
(standard)  atmosphere  with  a 10  knot  wind  is  shown 
in  Figure  9.  Recall  that  the  darkened  area  of  the 
diagram  represents  the  range /height  conditions 
where  the  radar  would  detect  the  target. 

FREQUENCY  5600  MHz 
FSR  100  nmi 
VBW  16 


P = target  power  returned 

P^  = transmitted  power 

G = antenna  power  gain 
A = radar  wavelength 
R = radar- to- target  range 
F = pattern-propagation  factor 
O = target  cross-section 

If  the  range  to  target  detection  in  free  space 
is  denoted  R , then  the  ranges  at  which  target 
detection  can  occur  under  actual  conditions  are 
given  by 


R< F * R . 

fs 


provided  clutter  is  not  present.  If  clutter 
present,  the  clutter  power  can  be  written  as 


P*.G4 


3 4 

(47T)  R 


is 


(8) 


where 

P = clutter  power  returned 

0C  = total  clutter  cross  section 
c 

If  clutter  is  present,  target  detection  is 
assumed  if 

R < F*Rc  AND  P.  > P„  (9) 

f s t c 
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FIGURE  9.  COVERAGE  DIAGRAM  FOR  C-BAND  RADAR  AT  140 
feet  HEIGHT  STANDARD  ATMOSPHERE  WITH  10  KNOT  WIND 


A coverage  diagram  for  the  same  wind 
conditions,  1 v for  a surface  based  duct  is  shown 
in  Figure  10.  The  elevated  refractive  layer 
causing  this  duct  is  located  at  about  300  metres 


The  second  requirement  can  be  related  to  the 
pattern-propagation  factor  by  using  (7)  and  (8). 
The  equivalence  is 


The  total  clutter  cross-section  in  (8)  is 
related  to  the  clutter  cross-section  per  unit  area 
of  Section  II  as 

<7°  - <7C/A 


where  0°  is  the  cross-section  per  unit  area  and  A 
is  the  area  of  the  clutter  patch.  The  azimuthal 
portion  of  the  area  is  determined  by  the  antenna 
beam  width  and  the  range  portion  by  the  pulse 
length.  The  range  to  the  clutter  patch  is  assumed 
to  be  the  surface  range.  A contribution  to  clutter 
from  a given  range  may  be  made  by  both  sets  of  ray 
families  as  discussed  previously.  These  are 
assumed  to  sum  noncoherently. 

The  clutter  effects  model  has  been  coded  and 
implemented  into  the  IREPS.  Typical  results  are 
presented  in  the  "coverage  diagrams"  of  Figures 
9-11.  A hypothetical  C-Band  radar  with  100  nm  free 
space  detection  range  against  a certain  target  is 
assumed  located  at  140  feet  height.  As  a 


FREQUENCY  5600  MHz 
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FIGURE  10  COVERAGE  DIAGRAM  FOR  C-BAND  RADAR  AT  140 
feet  HEIGHT  ELEVATED  LAYER.  GROUND  BASED  DUCT  WITH  10 
KNOTWIND 


and  is  about  40  metres  thick.  The  M-unit  deficit 
between  the  surface  and  the  layer  minimum  is  about 
40  M-units.  Notice  the  enhanced  coverage  for  low 
altitudes  to  longer  ranges.  For  this  case,  any 
clutter  effects  are  just  barely  observed.  A 
coverage  diagram  for  the  same  refractivity  profile 
but  for  a 15  knot  wind  is  shown  in  Figure  11.  For 
this  case,  the  predicted  effects  of  clutter  are 
quite  dramatic.  Within  the  darkened  areas  of  the 
diagram,  target  detection  would  be  expected. 


FREQUENCY  5600  MHz 

FSRIOOnmi 

VBW  16 


FIGURE  1 1 COVERAGE  DIAGRAM  FOR  C-BAND  RADAR  AT  1 40 
feet  HEIGHT  ELEVATED  LAYER.  GROUND  BASED  DUCT  WITH  15 
KNOT  WIND 
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However,  within  the  areas  no  longer  darkened 
compared  to  Figure  10,  the  target  would  no  longer 
be  detectable  compared  to  clutter.  The  presence  of 
clutter  in  this  case  would  appear  on  a PPI  type 
display  as  bright  rings,  masking  the  target. 

The  ray-optical  propagation  model  presented 
here  appears  to  be  adequate  for  the  elevated  layer, 
ground  based  duct  propagation  environment.  Before 
the  entire  clutter  effects  model  can  be  implemented 
for  "in-fleet"  usage  however,  quantitative 
evaluation  is  still  required. 

The  work  reported  in  this  paper  was  performed 
under  sponsorship  by  the  Naval  Air  Systems 
Command.  The  author  would  like  to  thank  J.  W. 
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ABSTRACT 

Anomalous  propagation  effects  due  to 
surface-based  ducts  are  quantitatively  examined  for 
variation  of  (1)  detection  range  for  fleet  radars 
versus  destroyer-sized  targets  and  (2)  maximum  ESM 
intercept  range  for  various  threat  emitters.  Both 
the  surface-based  duct  from  elevated  refractive 
layers  and  the  evaporation  duct  effects  on  surface 
to  surface  propagation  paths  are  considered. 
Elevated  refractive  layers,  created  by  rapid 
transitions  between  differing  layers  of  air,  may, 
depending  upon  height  of  the  layer  and  its  M 
deficit,  form  a surface-based  duct.  This  situation 
can  be  assessed  by  units  having  access  to 
radiosonde  or  ref ractometer  data.  Although 
relatively  uncommon  in  most  ocean  areas,  this 
ducting  mechanism,  when  it  does  occur,  nearly 
always  results  in  greatly  extended  ranges.  The 
evaporation  duct,  created  by  the  rapid  decrease  of 
moisture  just  above  the  ocean  surface,  can  be 
assessed  by  a simple  graphical  technique  using 
standard  meteorological  measurements  and  an 
accurate  sea  surface  temperature  measurement.  The 
resulting  evaporation  duct  height  is  a parameter 
that  indicates  the  strength  of  the  evaporation 
duct.  The  effects  of  this  type  of  duct  are  hiqhly 
dependent  upon  frequency  and,  to  a lesser  extent, 
antenna  heights. 

1 . INTRODUCTION 

It  has  long  been  recognized  that  changes  in 
the  vertical  distributions  of  the  air  temperature 
and  humidity  near  the  sea  surface  can  have 
significant  effects  on  the  propagation  of  radio 
waves  (Katzin,  1947  and  Kerr,  1951).  In 
particular,  signals  propagating  between  terminals 
reasonably  close  to  the  sea  surface,  such  as 
characteristic  of  shipboard  heights,  will 
experience  variation  of  siqnal  strenqth  of  up  to 
several  tens  of  dB  at  ranges  far  in  excess  of  the 
horizon.  The  impact  of  such  propagation  variations 
on  the  detection  ranqes  of  fleet  radars  and  maximum 
intercept  range  of  ESM  (Electronic  Warfare  Support 
Measures)  receivers  can  be  dramatic,  with  maximum 
ranges  varying  between  near-horizon  ranges  and  250 
nautical  miles  or  more.  The  propagation  mechanisms 
responsible  for  the  increased  ranges  are  of  two 
types:  surface-based  ducts  created  by  elevated 
refractive  layers  and  the  surface  evaporation  duct 
created  by  the  rapid  decrease  of  moisture  just 
above  the  sea  surface.  Recent  developments  in 


modeling  of  these  propagation  mechanisms  (Hitney, 
1975)  as  substantiated  by  propagation  measurements 
(Richter  and  Hitney,  1975)  now  make  it  possible  to 
quantitatively  predict  maximum  radar  detection  and 
ESM  intercept  ranges  for  varying  ducting 
conditions.  The  desire  to  make  such  quantitative 
predictions  is  in  response  to  the  fleet's  need  for 
passive/active  detection  and  targeting  of 
over-the-horizon  contacts  for  the  HARPOON  missile 
system.  However,  all  surface  units  and  submarines 
should  find  this  development  useful  in  assessing 
search  radar  capabilities  and  in  ESM  utilization 
planning. 

2.  SURFACE-BASED  DUCTS  FROM  ELEVATED  REFRACTIVE 

LAYERS 

Over  ocean  areas  there  often  exists  a cool, 
moist  marine  air  mass  extending  vertically  from  the 
ocean  surface  to  an  altitude  of  up  to  a few  hundred 
metres.  The  air  mass  above  this  altitude  can  be 
much  warmer  and  drier  than  the  marine  air  for  a 
variety  of  reasons  and  creates  a transition  region 
in  which  the  air  warms  up  and  dries  out  rapidly 
with  increasing  altitude.  The  rapid  warming  and 
drying  of  the  air  can  cause  the  radio  refractive 
index  to  decrease  rapidly  enough  to  refract  radio 
waves  at  low  incident  angles  downward  and  create  a 
duct.  If  the  M decrease  through  the  transition 
layer  is  qreat  enough,  a surface-based  duct  is 
created  (Figure  1).  This  type  of  duct  will  trap 
radar  signals  at  all  frequencies  and  will  generally 
give  greatly  extended  ranges  for  detection  or 
interception  of  surface  targets  (Figure  2) . The 
frequency  of  occurrence  of  surface-based  ducts 


Fiqure  1.  Air  masses  and  transition  region 
responsible  for  the  trapping  layer  and  resulting 
surface-based  duct  shown  on  the  right. 


ft  9 


f 


PRECEDING  PAGE  BLANK-NOT  FILMED 


MMHMriMaa 


Fiqure  2.  Radar  wave  path  for  a surface-based  duct 
created  by  an  elevated  trapping  layer. 


Fiqure  4.  Radar  wave  path  under  evaporation 
ducting  conditions  resulting  in  beyond- the-horizon 
detection. 


varies  with  qeoqraphic  location,  season,  and  even 
time  of  day.  They  are  relatively  uncommon  in  most 
ocean  areas  but  may  occur  as  much  as  20  to  40%  of 
the  time  in  such  areas  as  the  southern  California 
operating  area,  the  eastern  Mediterranean,  and  the 
northern  Indian  Ocean. 

A surface-based  duct  from  an  elevated 
refractive  layer  can  be  properly  assessed  only  with 
information  of  the  refractive  index  profile  of  the 
lowest  part  of  the  atmosphere.  This  information  is 
presently  derived  in  the  fleet  by  meteorological 
personnel  from  balloon-borne  radiosonde 
measurements . 


3.  EVAPORATION  DUCTS 


A very  persistent  ductinq  mechanism  is  created 
over  ocean  areas  by  the  rapid  decrease  of  moisture 
immediately  above  the  ocean  surface.  For 
continuity  reasons,  the  air  adiacent  to  the  ocean 
is  saturated  with  water  vapor  and  the  relative 
humidity  is  thus  100%.  This  hiqh  relative  humidity 
decreases  rapidly  in  the  first  few  metres  to  an 
ambient  value  which  depends  on  varying 
meteorological  conditions.  The  rapid  decrease  of 
humidity  causes  the  modified  refractivity  M to 
decrease  with  height  initially,  but  at  greater 
heights  the  humidity  distribution  will  cause  M to 
reach  a minimum  and  thereafter  increase  with 
heiqht,  as  illustrated  in  Fiqure  3.  The  height  at 
which  M reaches  a minimum  value  is  called  the 
evaporation  duct  heiqht  and  is  a measure  of  the 
strength  of  the  evaporation  duct.  The  evaporation 
duct,  which  extends  from  the  surface  up  to  the  duct 
heiqht,  is  much  thinner  and  weaker  than  a 
sur face-based  duct  from  an  elevated  refractive 
layer.  As  a result,  the  effect  that  the 


Figure  3.  Relative  humidity  and  modified 
refractivity  M versus  altitude  for  an  evaporation 
duct. 


evaporation  duct  will  have  on  detection  and 
intercept  range  is  very  dependent  on  the  particular 
radar  frequency,  and  to  a lesser  extent,  on  the 
height  above  water  of  the  antennas.  It  must  be 
emphasized  that  the  evaporation  duct  height  is  a 
measure  of  the  strength  of  the  duct  only  and  is  not 
a heiqht  below  which  a radar  antenna  must  be  to 
qive  extended  detection  ranqes.  For  a given  radar, 
detection  and  intercept  range  will  generally 
increase  as  the  duct  heiqht  increases  and,  for  duct 
heights  sufficiently  large,  surface  targets  will  be 
detected  at  ranqes  significantly  beyond  the 
horizon,  as  illustrated  in  Fiqure  4.  The  frequency 
of  occurrence  of  duct  heights  sufficiently  large  to 
qive  beyond- the-horizon  detection  capability  to  a 
particular  radar  varies  significant ly  according  to 
qeoqraphic  location,  season,  and  time  of  day. 
Generally  duct  heights  will  be  greater  at  latitudes 
nearer  the  equator,  during  the  summer  season,  and 
during  dayliqht  hours. 

The  eva[x?ration  due t can  be  assessed  from 
meteorological  measurements  of  sea  temperature,  air 
temperature,  humidity,  and  wind  speed  and  use  of 
the  evai>oration  duct  calculator  developed  within 
the  EM  Propagation  Division  of  NOSC.  A samj le  duct 
height  calculation  is  presented  in  a later  section. 

4.  DETERMINATION  OF  RANGE 

Detection  and  intercept  ranges  are  derived  by 
calculating  the  range  at  which  the  path  loss. 


Figure  5.  Path  loss  curve  for  SPS-10  surface 
search  radar  under  standard  atmospheric  conditions. 
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determined  by  the  environment  and  transmitter  and 
receiver/tarqet  heights,  exceeds  a given  threshold 
that  is  determined  by  system  parameters.  Figure  5 
shows  a sample  path  loss  profile  for  the  SPS-10 
surface  search  radar.  The  range  at  which  the 
one-way  path  loss  threshold  for  the  radar  system 
intersects  the  path  loss  curve  is  defined  as  the 
detection  range.  Similarly,  the  threshold  of  the 
FSM  receiver  determines  the  intercept  range. 


5.  EXTENDED  RANGE  ASSESSMENT 


An  assumption  inherent  in  the  propagation 
model  is  that  the  atmosphere  is  horizontally 
homogeneous.  This  assumption  can  lead  to 
unrealistically  large  ranges.  Thus,  maximum  ESM 
intercept  range  was  arbitrarily  constrained  to  be 
200  nmi  or  less. 


Since  the  meteorological  conditions  that  lead 
to  formation  of  the  two  types  of  surface  ducts  are 
different,  a surface-based  duct  from  an  elevated 
refractive  layer  and  the  evaporation  duct  can  exist 
at  the  same  time.  When  this  does  occur,  the 
effects  of  the  surface-based  duct  are  considered  to 
dominate  the  effects  of  the  evaporation  duct  and 
normal  detection  and  intercept  ranges  are  nearly 
always  greatly  extended. 


Assessment  of  extended  ranges  caused  by 
evaporation  ducting  is  done  utilizing  the  duct 
height  calculator  of  Figure  6 and  the 
meteorological  measurements  mentioned  above.  For 


Radar  detection  range  for  a 
surface  target  versus  evaporation 


Figure  7. 
destroyer- si  zed 
duct  height. 
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Figure  6.  Duct  height  calculator  and  sample 
calculation. 


Figure  fl.  Detection  range  calculator  and  sample 
calculat ion. 


the  example  in  Fiqure  6,  TS,  21.5  C,  is  a 
measurement  of  the  sea  surface  temperature.  This 
measurement  is  quite  critical  but  can  be 
satisfactorily  obtained  by  takinq  a bucket 
temperature  or  an  expendable  bathy thermography  in 
water  undisturbed  by  the  ship's  wake.  TA,  19.7  C, 
and  RH , 53%,  are  the  air  temperature  and  relative 
humidity  as  conroonly  measured  aboard  ship.  This 
measurement  is  taken  at  some  convenient  height 
above  6 metres  and  in  a location  that  minimizes  any 
ship- induced  effects  such  as  heating.  WS,  6 knots, 
is  the  true  wind  speed  as  corrected  from  the  ship's 
anemometer  reading.  The  procedure  to  calculate  the 
evaporation  duct  height,  DH  is  then: 

1.  Find  the  intersection  of  TA  and  RH  in 
qraph  1. 

2.  Project  a line  horizontally  into  graph  2 
until  it  intersects  TS.  Extend  a line  from  this 
intersection  vertically  downward  into  graph  4. 

3.  Compute  the  air-sea  temperature  difference 
TA-TS.  Find  the  intersection  of  TA-TS  and  WS  on 
graph  3 and  project  a line  horizontally  into  graph 

4. 


4.  The  intersection  of  lines  from  graphs  3 
and  4 indicates  the  evaporation  duct  height. 

The  resultant  duct  height  for  the  example  in  Figure 
6 is  16  metres.  This  information  can  then  be  used 
in  conjunction  with  qraphs  such  as  those  in  Figure 
7.  These  graphs  show  the  variation  of  detection 
range  of  a destroyer-sized  target  with  duct  height 
and  can  be  prepared  for  any  radar.  Notice  that 
detection  ranqes  increase  with  duct  height.  And, 
although  the  performance  characteristics  of  the  two 
radars  are  not  the  same,  the  major  difference 
between  the  two  curves  can  be  explained  by  the 
difference  in  frequency.  Thus,  the  hiqher 
frequency  is  enhanced  more  than  the  lower 
frequency.  Conversely  a hiqher  frequency  radar 
requires  a less  stronq  duct  for  a given  detection 
range  than  does  the  lower  frequency  radar. 

Alternatively,  the  same  information  for  a 
qiven  radar  can  be  displayed  as  in  Figure  8,  giving 
detection  range  directly. 

Figures  9 and  10  show  the  variation  of  maximum 
F.SM  intercept  range  with  duct  height  for  an 
arbitrary  receiver  with  two  different  antenna 
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Figure  9. 
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Fiqure  10.  ESM  intercept  ranqe  versus  duct  height  for  a receiving  antenna  170'  above  the  sea  surface 


heights  versus  various  radars.  It  is  seen  that  a 
surface-based  duct  traps  all  frequencies  and  qives 
greatly  extended  ranges  (200  nmi  or  qreater) . It 
is  also  obvious  that  the  evaporation  duct  effects 
are  highly  frequency  dependent.  Low  frequencies, 
less  than  approximately  500  MHz,  do  not  experience 
great  variation  in  range  as  duct  height  varies 
whereas  the  hiqher  frequencies  do.  Intercept  ranqe 
generally  increases  with  duct  height.  However,  in 
some  cases,  an  optimum  duct  height  is  reached  above 
which  the  receiver  and  emitter  antenna  heights 
become  the  dominant  factor  and  the  intercept  range 
decreases  with  increasing  duct  height  (higher 
frequencies  in  Fiqure  10) . Also  note  that  the 
higher  frequencies  do  not  require  as  strong  a duct 
for  the  same  range  enhancement  as  the  lower 
frequencies.  Comparing  Figures  9 and  10  shows  the 
effect  of  antenna  height  on  intercept  range  under 
standard  atmospheric  conditions  (0  duct  height) . 
Under  weak  ducting  conditions  (low  duct  heights), 
the  high  antenna  qives  longer  intercept  ranges. 
However,  under  strong  ducting  conditions  (high  duct 
heights) , the  low  antenna  gives  longer  intercept 
ranges  at  the  higher  frequencies. 
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ABSTRACT 

This  paper  is  intended  to  present  an 
overview  of  a program  currently  under  develop- 
ment at  the  Naval  Air  Development  Center. 

The  program,  which  is  sponsored  by  the  Naval 
Air  Systems  Coimand  (AIR-370),  is  intended  to 
provide  meteorological  sensors  and  processors 
which  will  allow  for  the  tactical  exploita- 
tion of  refractive  anomalies  by  the  Fleet. 

The  first  section  of  the  paper  will  briefly 
review  the  environmental  conditions  which  can 
affect  electro-magnetic  propagation.  These 
effects  will  then  be  treated  relative  to 
mission  impact  for  an  ASW  aircraft.  The 
mechanism  by  which  fleet  ASW  forces  can 
utilize  refraction  data  will  be  discussed 
followed  by  a description  of  an  air  launch- 
able dropsonde  system  currently  under 
development.  A brief  description  of  a ship- 
board launched  mini-refractionsonde,  also 
under  development,  will  be  presented  and 
finally  status  summaries  and  developmental 
schedules  for  each  system  will  be  discussed. 

DISCUSSION 

I.  Electromagnetic  Refraction  and  the 
Environment. 

Environmental  effects  on  the  propagation 
of  electro-magnetic  radiation  near  the  surface 
of  the  earth  cause  two  primary  anomalous 
effects:  a low-loss  surface  propagation  duct 
and  a related  high-loss  "shadow  zone"  above 
the  surface  duct.  The  parameters  that  are 
most  influential  in  controlling  propagation 
anomalies  (temperature,  pressure,  and 
humidity)  are  also  most  variable  near  tne 
earth  surface  and  are  thus  more  likely  to 
cause  a surface  duct  than  an  elevated  duct. 

The  surface  duct  is  defined  as  a region  which 
causes  some  upward  traveling  rays  from  a 
surface-based  emitter  to  bend  toward  the 
earth  which,  after  becoming  downward  rays, 
either  bounce  from  the  earth  surface  or  are 
subsequently  refracted  upward.  These  totally 
refracted  or  refracted-reflected  rays  stay 
trapped  within  the  dimension  of  the  duct 
while  other  rays  emitted  at  more  acute  angles 
penetrate  and  escape  the  duct.  The  emission 
ray  angle  closest  to  the  vertical  which 
becomes  trapped  in  the  duct  is  called  the 
limiting  ray  angle.  The  emission  angle 
closest  to  the  emission  angle  just  beyond  the 
limiting  ray  does  not  become  trapped,  but 
penetrates  and  escapes  the  duct.  After 
penetration  of  the  duct,  the  acute  rays 
typically  become  upward  refractive,  forming 
an  energy  void  between  the  limiting  ray  path 
and  the  top  of  the  surface  duct.  This  region 
is  known  as  a shadow  zone  and  contains  no 


direct  path  emission  energy.  An  example  of 
this  is  depicted  in  Figure  1.  Since  the 
proximity  of  the  emitter  to  the  top  of  the 
duct  influences  the  limiting  ray  angle,  the 
vertical  dimension  of  the  duct  will  influence 
the  amount  of  energy  trapped. 
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Figure  1.  "Shadow"  caused  by  emitter  in  sur- 
face-based duct 

Under  normal  conditions,  electro-magnetic 
radiation  propagates  to  a line  of  sight 
horizon  which  can  be  calculated  from  linear 
geometric  principles.  These  values  are 
typically  used  to  predict  effective  radar 
ranges.  Surface  duct  propagation  effects 
however  can  trap  energy  and  produce  a low- 
loss  propagation  condition  which  can  effec- 
tively extend  radar  ranges.  This  condition 
is  sometimes  referred  to  as  an  extended 
horizon  since  it  effectively  produces  electro- 
magnetic propagation  paths  which  follow  the 
earth  curvature  and  extend  well  beyond  straight 
line  horizons.  Since  the  altitude  of  radar 
contacts  is  usually  based  on  straight  line 
ray  path  assumptions  and  antenna  elevation 
angles,  a surface-based  duct  which  refracts 
emissions  may  result  in  erroneous  estimates 
of  the  altitude  of  radar  detected  aircraft. 
Examples  of  distortion  of  straight  line 
horizons  and  elevation  errors  of  detected 
aircraft  for  surface  based  ducts  are  depicted 
in  Figure  2.  The  effect  of  a surface-based 
duct  on  the  performance  of  radar  emissions 
for  targets  and  emitters  at  the  sea  surface, 
within,  and  above  the  duct,  are  summarized  in 
Table  I. 

The  surface  duct  is  present  in  many 
geographical  areas  and  is  often  very  dynamic 
over  time;  i.e.,  some  locations  exhibit  these 
ducts  only  under  certain  weather  conditions 
which  change  dramatically  over  time.  In 
addition,  some  weather  conditions  cause 
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Figure  2.  Range  extension  and  elevation 
errors  caused  by  trapped  rays 
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Table  I.  Surface-based  duct  --  expected 
radar  performance  effects 

propagation  ducts  at  altitudes  well  above  the 
earth  surface.  These  phenomena,  referred  to 
as  elevated  ducts,  influence  the  propagation 
of  electro-magnetic  emissions  in  much  the 
same  fashion  as  surface  ducts  for  emitters 
within  the  duct.  However  for  elevated  ducts, 
there  are  conditions  which  place  emitters 
below  or  above  the  duct.  It  is  of  some 
instructional  value  to  review  these  condi- 
tions and  their  effect  on  propagation.  For 
the  conditions  of  an  elevated  duct  with  an 
emitter  below  the  duct,  rays  penetrating  the 
duct  at  low  elevation  angles,  remain  within 
the  duct  for  a considerable  range,  are 
refracted,  and  then  escape  through  the  top  of 
the  duct.  This  condition  results  in  a false 
target  elevation  for  a radar  tracking  an 
aircraft.  For  the  case  of  an  emitter  above 
the  duct,  there  is  a limiting  ray  for  pene- 
tration of  the  duct  and  a resultant  shadow 
zone  above  the  duct  at  a distant  range.  In 
addition,  there  is  a false  horizon  for  the 
ray  slightly  elevated  from  the  ray  that  would 
calculate  to  the  horizon.  This  ray  will 
produce  a propagation  extension  beyond  the 
true  horizon.  These  conditions  are  depicted 
in  Figure  3 and  show  that  false  ranges  are 
derived  from  radar  detections  of  surface 
targets,  and  detections  are  lost  by  shadow 
zones  at  very  achievable  ranges  for  aircraft 
targets.  The  radar  performance  effects  for 
combinations  of  emitters  and  targets  at  the 
sea  surface,  immediately  below,  inland  above 
these  elevated  ducts,  are  summarized  in  Table 
II . 


BEND  RADIUS  IS  LESS  THAN  CONCENTRIC. 
SURFACE  IS  ILLUMINATED  BEYOND  NORMAL 
HORIZON. 


(a) 


RAYS  TANGENT  SO  TOP  OF  DUCT  APS  CRITICAL. 

RAYS  BELOW  CRITICAL  ARE  BSfYT  BY  DUCT. 

RAYS  ABOVE  CRITICAL  ARE  UNAFFECTED  BY  OUCT. 
VOLUME  NOT  ILLUMINATED  IS  SHOWN  AS  ‘SHADOW: 

(b) 

Figure  3.  Extended  radar  ranges  (a),  "shadow" 
(b)  caused  by  emitter  above  elevated  duct 


Table  II.  Elevated  duct  --  expected  radar 
performance  effects 

II.  Refraction  Impact  on  ASW  Missions 

The  refraction  anomalies  discussed 
earlier  can  combine  with  the  ASW  mission 
parameters  to  cause  both  desirable  and 
undesirable  situations.  ASW  aircraft  flying 
at  altitudes  without  knowledge  of  refraction 
anomalies  can  produce  situations  which  cause 
loss  of  sonobuoy  RF  data  during  operations, 
loss  of  communication  links  with  friendly 
surface  vessels  or  task  force  and  more  subtly, 
a false  security  from  distant  enemy  detection 
and  attack.  If  refraction  conditions  are 
known,  proper  altitude  selection  can  optimize 
the  successful  completion  of  the  mission  and 
return  of  deployed  aircraft.  An  optimum 
flying  condition  for  all  these  concerns  is 
depicted  in  Figure  4. 
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maximum  effectiveness  of  a missile  strike. 

Each  aircraft  could  also  telemeter  these  data 
to  other  forces  in  air,  on  land,  or  sea  for 
more  broad-based  utilization  and  could  record 
(on  magnetic  tape  currently  used  for  acoustics 
and  Bathythermograph  data)  these  data  for 
post  mission  reproduction  and  analysis  at  a 
TSC  or  equivalent. 


Figure  4.  Optimum  flying  position  for  moni- 
toring sonobuoys 

Presently,  ASW  forces  have  available 
during  pre-flight  the  historical  data  files 
from  FNWC  (Fleet  Numerical  Weather  Central) 
for  areas  of  operations.  Generally  because 
of  the  dynamics  of  these  environmental  condi- 
tions, historical  data  are  not  relied  upon. 

The  sole  source  of  these  kinds  of  data  for 
today's  ASW  fleet  operations  becomes  local 
radiosonde  data  obtained  at  a carrier  for  S-3 
type  aircraft.  These  data  are  rarely  used  by 
patrol  aircraft  for  mission  tactical  planning 
and  only  occasionally  used  by  carrier-based 
aircraft.  However,  the  meteorological  unit 
on  board  carriers  continuously  updates  their 
information  by  launching  radiosondes.  The 
recently  developed  I REPS  (Index  of  Refraction 
Effects  Prediction  System)  is  intended  for 
use  in  both  VP  (Patrol)  and  CV  (Carrier)  TSC 
(Tactical  Support  Center).  This  functional 
capability  has  a most  desirable  product  and 
ideally  could  be  utilized  to  impact  both  ASW 
and  other  aircraft  mission  plans.  If  the 
input  data  are  current  and  related  to  the 
locale  of  the  mission,  the  utilization  of 
these  data  will  increase. 

The  dropsonde  system  is  being  developed 
so  that  these  data  are  used  by  both  land- 
based  and  carrier-based  aircraft.  Incidental- 
ly, the  dropsonde  utilization  will  assist  in 
answering  the  nagging  unknown  about  horizontal 
homogeneity  while  at  the  same  time  supplying 
large  quantities  of  data  for  confidence 
building  of  the  statistics  over  season, 
weather  conditions,  and  location.  The  drop- 
sonde is  a system  which  includes  both  the 
sensor  and  the  processor.  This  system  will 
be  utilized  aboard  P-3  aircraft  for  TECHEVAL 
testing  and  data  will  be  collected,  pro- 
cessed, and  displayed  aboard  the  aircraft  via 
the  dedicated  carry-on  processor.  In  addition, 
the  raw  data  from  the  ASW  aircraft  receiver 
will  be  recorded  on  magnetic  tape  and  processed 
at  the  TSC. 

The  ultimate  utilization  of  this  system 
could  include  on-board  processing  and  display 
of  refraction  data  for  both  P-3  and  S-3 
aircraft  without  the  addition  of  hardware  to 
the  avionics  suite.  Each  aircraft  could  then 
use  these  data  for  survivability  to  and  from 
mission  sites,  maximizing  mission  success  by 
full  reception  of  all  sonobuoy  telemetry  and 
comnunication  with  task  forces,  and  even  for 


The  dropsonde  system  under  development 
consists  of  a sensor  and  a processor.  The 
intent  is  to  utilize  the  dropsonde  system 
with  currently  used  ASW  aircraft  receivers, 
much  in  the  same  manner  as  a sonobuoy  and  its 
processor.  The  dropsonde  sensor  is  contained 
within  the  form  factor  of  an  "A"  size  sonobuoy 
(4.785"  diameter  x 36"  length  cylinder). 

With  this  design,  the  sensor  can  be  loaded 
aboard  and  launched  from  ASW  aircraft  in 
exactly  the  same  fashion  as  sonobuoys.  The 
sensor  weighs  11  pounds  and  is  retarded  in 
the  air  stream  after  launch  by  a two-stage 
parachute  system  which  is  initiated  by  a wind 
flap  mechanism.  Once  deployed  into  the 
airstream,  the  sensor  orients  and  stabilizes 
in-air  flow  within  six  seconds,  while  des- 
cending at  a rate  of  1700  feet/minute.  This 
descent  rate  combines  with  the  commutation 
rate  of  0.8  seconds/cycle  and  sensor  sample 
interval  of  0.4  second/sample  for  temperature, 
pressure,  and  humidity  to  yield  a data  profile 
resolution  of  12  feet.  The  output  data 
format  of  the  sensor  is  depicted  in  Figure  5. 
The  data  are  multiplexed  into  the  LOFAR  (Low 
Frequency  Analysis  and  Recording)  sonobuoy 
acoustic  passband  and  telemetered  to  the 
aircraft  on  one  of  three  VHF  sonobuoy  channels 
used  by  the  AXBT  (Aircraft  Expendable  Bathy- 
thermograph) sonobuoy.  This  format  enables 
the  present  avionics  aboard  ASW  aircraft  to 
receive  this  data  and  record  the  data  on 
magnetic  tape  units  normally  used  for  acoustic 
data  from  sonobuoys.  The  details  of  the 
dropsonde  sensor  are  listed  in  Table  III. 
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Figure  5.  Refraction  dropsonde  output  data 
format 

The  processor  under  development  for  use 
aboard  ASW  aircraft  is  designed  to  decommu- 
tate,  digitize,  and  smooth  data  that  is 
inputted  from  the  «SW  receiver.  The  processor 
will  then  convert  the  environmental  data  to 
engineering  units,  select  significant  values, 
and  display  the  output.  One  output  format 
will  provide  a 40  character-wide  printed 
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Table  III.  Refraction  dropsonde  details 

report  of  the  real  time  refractive  layer, 
including  the  altitude  (in  feet)  at  the  top 
of  a duct,  the  strength  of  a duct  (in  "M" 
units),  and  the  altitude  (in  feet)  at  the 
bottom  of  the  duct.  It  will  also  indicate 
date,  time,  latitude,  longitude,  and  miscel- 
laneous labeling  information.  Another  output 
format  will  provide  a refractivity  report 
that  will  be  available  within  minutes  after 
the  cessation  of  telemetered  data.  Finally, 
it  will  provide  a meteorological  report  in 
WM0  (World  Meteorological  Organization) 
format. 

The  real  time  refractive  layer  report 
can  be  compared  on-site  with  the  mission 
environment  prediction  received  prior  to 
flight  and  adjustments  and  refinements  in  the 
mission  plan  can  be  made  when  required.  In 
addition,  a message  can  be  sent  back  to  the 
meteorological  center  or  TSC  indicating 
differences  between  the  predicted  information 
and  the  on-site  measurements. 

The  refractivity  profile  report  will  be 
used  as  an  input  to  the  1REPS.  These  data 
can  be  used  to  construct  and  revise  refrac- 
tivity prediction  information  used  to  develop 
tactical  mission  plans.  This  report  will 
also  include  pertinent  header  information  for 
identification  and  the  data  entry  will  list 
pressure  in  feet,  geopotential  altitude  in 
meters,  and  modified  refractivity  in  "M"- 
units.  The  number  of  significant  data  points 
in  this  report  is  limited  to  29  for  compat- 
ibility with  the  IREPS  input  format. 

The  meteorological  report  option  will 
provide  data  at  significant  and  mandatory 
levels  for  WMO  format  weather  reporting. 

These  data  collectively  form  the  input  to  a 
local  weather  prediction  by  the  meteorological 
unit  aboard  carriers.  It  also  provides  FNWC 
data  to  facilitate  global  weather  assessments 
and  as  a byproduct  provides  archival  data  for 
the  research  and  development  community.  This 
report  contains  listings  of  mandatory  levels 
of  pressure  (mb),  altitude  (meters),  tempera- 
ture  (°C),  and  dew  point  depression  ( C)  and 
listings  of  significant  levels  of  pressure 
(mb),  temperature  (°C)  and  dew  point  depression 


IV.  Improved  Refraction  Sensor  for  Shipboard 
Ose  K “ B 


In  addition  to  the  dropsonde  sensor/ 
processor  system  development  which  can  be 
used  by  ASW  aircraft,  an  improved  shipboard 
refractivity  measuring  system  is  also  under 
development  by  the  Naval  Air  Development 
Center.  This  system,  referred  to  as  the  MRS 
(Mini -Refractionsonde  System),  is  designed  so 
that  the  entire  activity  associated  with  the 
launch  reception  and  processing  of  the  data 
can  be  handled  by  one  person  aboard  ship.  In 
addition,  the  filling  of  the  balloon  and 
associated  handling  can  all  be  accomplished 
below  deck.  This  system  receiver  has  an 
automatic  signal  acquisition  feature  which 
tracks  a communication  frequency,  preventing 
loss  of  data.  The  system  also  requires  no 
baseline  check  because  of  a plug-in  calibra- 
tion scheme  and  the  processor  functions  are 
automated  providing  outputs  without  operation 
interaction.  This  entire  system  is  the 
subject  of  the  next  paper  to  be  presented. 

It  is  only  mentioned  here  for  introductory 
purposes. 

V.  Status  and  Development  Schedules  for 
Improved  Refraction  Sensor  Systems 

The  dropsonde  system  is  presently  in  the 
advanced  development  phase  of  the  product 
acquisition  cycle.  The  feasibility  of  this 
system  has  been  demonstrated  and  presently 
initial  acceptance  evaluations  are  ongoing. 

This  phase  is  expected  to  be  completed  by 
late  EY-79.  By  sometime  in  early  FY-80,  a 
formal  TECHEVAL  of  100  dropsondes  and  two 
processors  will  be  initiated.  This  evaluation 
is  expected  to  require  about  nine  months.  If 
the  TECHEVAL  is  successful,  ASU  (Approval  for 
Service  Use)  is  expected  by  the  end  of  FY80. 
Production  contracts  for  this  system  would  be 
issued  in  FY -81  and  fleet  introduction  would 
occur  by  FY-82.  A layout  of  the  principle 
events  of  this  development  schedule  are  shown 
in  Figure  6. 

The  MRS  system  is  basically  similar  to 
the  dropsonde  in  nature,  but  is  about  three 
months  later  in  achieving  the  ASU  action. 
However,  fleet  introduction  should  be  about 
the  same  time  due  to  the  simplicity  of  design 
and  the  less  severe  environmental  justifica- 
tions of  the  sensor  in  this  system. 

Because  the  dropsonde  system  has  an 
environmental  sensor  of  the  form  of  a sonobuoy, 
it  has  led  the  community  to  consider  combining 
the  AXBT,  another  environmental  sensor  of 
this  form,  with  the  dropsonde.  The  AXBT  is 
used  in  acoustic  ASW  in  a manner  analogous  to 
the  refractionsonde.  The  AXBT  data  are  used 
to  input  to  ray  tracing  programs  to  derive 
underwater  acoustic  propagation  layers  and 
their  dimensions,  limiting  rays  to  the  surface, 
and  general  propagation  loss  from  source  to 
receiver.  It  is  entirely  feasible,  considering 
the  volume  available  in  an  "A"  size  sonobuoy 
container,  to  combine  these  two  functions 
into  one  overall  environmental  sensor.  The 
critical  issues  of  this  marriage  are  the 
sensor  and  mission  cost  impact  and  the  basic 


sensor  conflicts;  e.g.,  a slow  in-air  descent 
for  refraction  vs  a desire  to  rapidly  obtain 
BT  data  to  begin  an  ASW  contact  prosecution. 
Some  of  these  issues  are  under  investigation 
at  present.  Any  resolution  of  these  issues 
that  would  encourage  sensor  development  will 
be  scheduled  into  future  plans. 

Another  growth  potential  for  the  drop- 
sonde  sensor  for  ASW  impact  has  been  studied 
and  evaluated  in  the  past  but  never  pursued. 
The  inclusion  of  wind  into  the  sensor  cap- 
ability, by  the  reception  and  retransmission 
of  Omega  navigation  data,  is  a desirable  ASW 
parameter.  These  data  would  enable  much  more 
accurate  sonobuoy  location  estimates  to  be 
made  so  that  higher  altitude  target  localiza- 
tion can  be  achieved.  This  improvement  is 
also  being  considered  for  future  plans,  but 
for  now  the  schedule  shown  earlier  will  be 
followed  for  the  basic  dropsonde  system. 


THE  MINI-REFRACTIONSONDE  SYSTEM  (MRS)  FOR  MEASURING  REFRACTIVE  INDEX 


Curtis  D.  Motchenbacher 
Honeywell,  Inc. 
Hopkins,  Minnesota  55343 


1 . INTRODUCTION 

The  Navy  has  a requirement  to  measure  the 
vertical  profile  of  index-of-refraction  from  sea 
level  to  above  15,000  feet.  It  is  necessary  to  make 
these  measurements  from  many  classes  of  ships  under 
typical  operating  conditions.  To  fill  this  need,  a 
light-weight  balloon  sonde  and  processor  (mini- 
refractionsonde  system)  is  being  developed  by 
Honeywell  under  contract  from  Naval  Air  Development 
Center  and  sponsored  by  Naval  Air  Systems  Command 
(AIR-370). 

This  paper  discusses  the  mini-refractionsonde 
program  plan  and  status.  The  development  of  the 
sonde,  ground  station,  balloon  filling  and  handling 
equipment  are  described.  Discussions  on  utilization 
of  the  sonde  are  included. 

2.  BACKGROUND 

The  principal  purpose  of  the  mini-refraction- 
sonde program  is  to  develop  a system  for  measuring 
the  altitude  and  strength  of  atmospheric  inversion 
layers.  Near  a land  mass,  these  layers  will  create 
cells  of  atmosphere  that  are  homogeneous  over  a 
distance  of  10  to  20  miles.  These  cells  create  holes 
or  ducts  for  radar  signals.  For  shipboard  radars 
this  can  greatly  extend  the  range  of  radar  detection 
along  the  surface,  but  can  create  elevated  holes  in 
the  radar  coverage.  Communications  signals  are  also 
affected  by  the  inversion  layers.  This  is  partic- 
ularly a problem  when  trying  to  communicate  from 
surface  ships  to  aircraft  aloft. 

There  are  three  difficulties  in  measuring 
atmospheric  refractivity  from  a shipboard  environ- 
ment. First  it  is  desirable  to  measure  refractivity 
in  localized  areas  of  10  to  20  miles.  Second  it  is 
necessary  to  make  the  measurements  while  operating 
in  a confined  shipboard  space.  Third,  it  is  neces- 
sary to  operate  in  a high  radar  and  RF  interference 
environment . 

A solution  to  the  problem  of  measuring  atmos- 
pheric refractivity  from  a shipboard  environment  is 
to  develop  a small  light-weight  miniature  balloon 
sonde  that  can  be  launched  with  small  30  gram  or  100 
gram  pibal  balloons.  Because  of  the  smaller  balloon 
it  is  possible  to  launch  the  sonde3  from  ships  such 
as  destroyers  and  frigates  where  conventional  sorde 
launching  capabilities  are  not  available.  For  ease 
of  handling,  the  equipment  is  made  semi -automated 
for  one  man  operation.  The  system  is  one-man 
portable  for  transfer  from  ship  to  ship.  This  way 
data  can  be  obtained  over  a wide  area  as  the  3hip  is 


deployed.  The  telemetry  system  is  being  made  RF 
tolerant  so  it  will  operate  in  an  EMI  and  radar 
environment . 

3.  DESCRIPTION  OF  DEVELOPMENT 
3. 1 Mini -Ref ractionsonde 

The  function  of  the  sonde  is  to  measure  tem- 
perature and  humidity  versus  altitude  so  refractive 
index  can  be  calculated. 

A VIZ  premium  rod  thermistor  is  used  forQ  tem- 
perature measurement  over  the  range  of  -95  C to 
+55UC.  A VIZ  premium  carbon  hygristor  is  used  for 
humidity  measurement  over  the  range  of  0 to  100 
percent  RH. 

For  pressure  measurement,  a Honeywell  silicon 
diaphragm  barometer  is  used.  This  device  was 
originally  developed  for  measuring  altitude  in  com- 
mercial aircraft.  The  miniature  pressure  sensor 
consists  of  a 0.1  inch  square  silicon  chip  with 
strain  sensitive  resistors  diffused  into  the  surface 
of  a one  mil  thick  diaphragm.  The  back  of  the  sensor 
is  mounted  on  an  evacuated  tube  to  measure  absolute 
pressure.  The  diaphragm  is  normally  deflected  by 
atmospheric  pressure  on  the  front  of  the  diaphragm. 
As  the  pressure  changes  the  diaphragm  deflection 
decreases  giving  a change  in  reading  on  the  diffused 
piezoresistive  sensors.  The  altitude  and  pressure 
change  is  read  out  as  a varying  DC  voltage.  The 
pressure  sensor  has  a basic  accuracy  of  5 millibars 
and  has  a reproducible  accuracy  of  much  better  than 
one  millibar.  The  resolution  and  hysteresis  are 
much  better  than  0.1  millibar.  The  barometers  are 
calibrated  to  one  millibar  and  an  overall  accuracy 
of  approximately  1.5  millibar  over  the  pressure 
range  of  0 to  1,050  millibars  is  expected.  The 
barometer  is  capable  of  operating  to  greater  than  10 
atmospheres.  This  light-weight  low  cost  barometer 
is  the  technological  breakthrough  that  allowed  the 
development  of  a light-weight  mini-sonde. 

A cut-away  view  of  the  mini-refractionsonde  is 
shown  in  Figure  1 . The  sensors  are  mounted  at  the 
top  in  an  air  duct.  Inside  the  case  are  located  the 
meteorological  electronics,  the  NAVAID  receiver  for 
wind  sensing,  the  battery  power  supply,  and 
telemetry  transmitter.  The  antenna  projects  from 
the  bottom  of  the  case. 


81 


( 


RECEDING  PAGE  BLaNK-NOT  FILMED 


WAV  MO  AWrtNWA 


for  the  mini-refractionsonde  system.  A preamplifier 
and  filter  will  be  mounted  at  the  antenna  to  improve 
telemetry  range  and  interference  signal  rejection. 


'I 


I 


Figure  1.  Mini-Ref ractionsonde,  Cutaway 

The  sensor  signals  are  commutated  by  an  inte- 
grated electronics  package  which  commutates  at  a 10 
cycle  per  second  rate.  This  gives  an  output  of  a 
high  reference  and  all  three  sensor  signals  every 
0.4  second.  At  a vertical  ascent  rate  of  700  feet 
per  minute,  this  gives  a complete  data  frame  every 
five  feet  of  vertical  ascent.  The  sensor  voltage 
signals  are  converted  to  audio  frequencies  in  the 
range  of  200  to  2500  hertz  by  a linear  voltage-to- 
frequency  converter.  These  frequencies  are 
telemetered  to  the  ground  station  processor  by  an  FM 
telemetry  transmitter.  The  transmitter  operates 
with  1/2  watt  of  power  in  the  400  to  406  megahertz 
meteorological  telemetry  band.  Frequency  modulation 
minimizes  interference  from  other  radio  frequency 
sources.  The  telemetry  transmitter  antenna  is  a 
quarter  wave  ground  plane  antenna  to  give  omni- 
directional signal  radiation. 

Power  for  the  mini-sonde  is  provided  by  three 
lithium/sulfur  dioxide  cells.  These  cells  each 
weigh  12  grams  and  will  power  the  sonde  for  approxi- 
mately two  hours  of  operation.  This  is  sufficient 
time  for  an  ascent  to  90,000  feet  using  a 300  gram 
balloon  or  to  20,000  feet  using  a 30  gram  balloon. 
The  cells  are  available  either  from  PR  Mallory  4 
Company  or  from  Honeywell's  Power  Sources  Center. 
The  development  of  h^gh  energy  light-weight  cells 
that  can  operate  at  0 C has  been  a real  boon  to  the 
mini-refractionsonde  program. 

The  case  for  the  sonde  is  made  of  molded 
styrofoam  for  light-weight  and  insulation.  The 
upper  hood  shown  in  Figure  1 can  be  removed  for 
insertion  of  the  carbon  hygristor.  When  the  hood  is 
placed  on  top  of  the  sonde  it  forms  a duct  that 
increases  the  air  flow  past  the  hygristor  to  1.8 
times  the  vertical  ascent  velocity.  This  improves 
the  carbon  hygristor  time-con3tant.  The  hood  is 
metallized  to  eliminate  solar  effects  on  the  carbon 
hygristor. 

3.2  Ground  Station 

A drawing  of  the  intended  ground  station  is 
shown  in  Figure  2.  The  ground  station  consists  of  an 
antenna,  preamplifier,  telemetry  receiver,  micro- 
processor and  printer.  The  present  shipboard  400 
megahertz  dipole  ground  plane  antennas  will  be  used 


Figure  2.  Ground  Station 


A special  telemetry  receiver  has  been 
developed  to  receive  the  meteorological  signals  in 
the  presence  of  a high  EMI  environment.  The 
receiver  has  high  skirt  rejection  for  out-of-band 
signals  and  a high  intermodulation  intercept  point 
to  reject  in-band  signal  interference.  Large  radar 
pulses  that  overload  the  receiver  are  automatically 
blanked  for  the  duration  of  the  interference  pulse. 
The  receiver  has  automatic  track-and-lock  so  that  it 
will  search  for  the  sonde  telemetry  signal,  lock-on 
and  track  the  signal  if  the  transmitter  frequency 
drifts. 

When  the  receiver  is  operated  in  the  automatic 
mode  it  will  scan  for  a signal  until  a sonde  is 
acquired.  If  no  signal  is  detected  it  will  continue 
scanning  until  one  is  found.  If  the  signal  detected 
is  not  from  a sonde,  the  processor  will  inform  the 
receiver  to  continue  scanning  for  a sonde  signal. 

The  data  processor  consists  of  three  micro- 
processor chips.  The  first  microprocessor  is  con- 
cerned with  telemetry  receiver  control  and  data 
reception.  This  first  processor  reads  the  sonde 
signal  during  each  0.1  second  commutation,  and 
passes  the  frequency  on  to  the  second  processor. 
The  second  processor  calculates  the  temperature, 
pressure  and  humidity  using  a dedicated  arithmetic 
microprocessor.  This  second  processor  automatically 
analyzes  the  data,  looking  for  inflection  points  in 
the  temperature  and  humidity  profiles.  The  output 
consists  of  a report  of  all  of  the  significant 
levels  as  well  as  the  mandatory  levels  required  by 
the  WMO  format.  A complete  dump  of  all  the  sonde 
data  is  available  on-line  as  the  signals  are  being 
received . 

The  data  is  outputed  on  a 40  character  wide 
ruggedized  printer.  The  output  is  either  in 
refractivity  format  or  WMO  format. 

The  mini-sonde  does  not  require  baselining. 
The  sonde  comes  with  lock-in  values  for  the 
thermistor,  hygristor  and  barometer  stored  in  a 
PROM.  Prior  to  launch,  the  PROM  is  inserted  in  the 
ground  station  processor.  This  automatically  inputs 
all  of  the  calibration  data  for  the  sonde  into  the 
calculation  algorithms.  If  the  PROM  is  lost  or 
damaged,  a set  of  nominal  values  are  stored  in  the 
processor  memory  so  the  sonde  can  be  used  with 
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slightly  degraded  accuracy.  A 12  button  keyboard 
inputs  launch  altitude  and  launch  location. 

The  ground  station  will  be  made  for  permanent 
mount  or  portable  operation.  The  unit  will  be 
mountable  in  a standard  19-inch  rack  or  in  a water- 
proof carrying  case.  For  ease  of  maintainability, 
the  same  units  are  used  for  permanent  and  mobile 
operation  so  they  can  be  interchanged  in  case  of 
breakdown . 

The  telemetry  receiver  can  be  operated  in  a 
manual  mode  with  the  front  panel  controls.  A 
speaker  is  provided  for  monitoring  the  sonde 
telemetry  signal.  This  may  prove  useful  in 
accessing  possible  interference  sources.  A digital 
frequency  display  is  provided. 

3.3  Balloon  Filling  and  Handling  Equipment 

To  ease  the  task  of  balloon  filling  and  insure 
inflation  accuracy,  an  automatic  balloon  inflation 
device  was  constructed.  The  automatic  filling 
mechanism  is  shown  in  Figure  3-  The  balloon  is 
attached  to  a cup  and  hooked  to  a lever  arm.  As  the 
balloon  fills,  it  raises  the  lever  arm  and  rotates 
the  cam  turning  off  the  helium  supply.  If  a greater 
free-lift  is  desired,  the  balloon  is  moved  to  a 
shorter  lever  arm.  This  requires  a greater  lifting 
force  to  turn  off  the  helium.'  Either  300  or  100  gram 
balloons  can  be  inflated  by  using  their  respective 
holes.  . 


Figure  3.  Balloon  Filling  Mechanism 


For  ease  of  handling  a nylon  shroud  is  placed 
over  the  balloon.  Since  the  balloon  is  approxi- 
mately 30  inch  diameter  it  will  pass  through  a 
standard  hatchway  door.  The  nylon  shroud  minimizes 
damage  due  to  brushing  against  the  door  or  overhead 
pipes.  A covering  shroud  will  be  provided  with  each 
case  of  sondes. 

After  the  balloon  has  been  filled,  the  neck  is 
tied  using  the  cable  tie  strip  shown  in  Figure  V. 
The  3onde  is  supported  by  a harness  line.  The  line 
is  wrapped  around  a light-weight  disposable  train 
regulator.  On  the  end  of  the  line  is  a connector 


that  inserts  into  the  balloon  tie  strap,  attaching 
the  sonde  to  the  balloon  without  making  any  knots. 


BALLOON  TIE 


HARNESS  LINE 


Figure  9.  Launch  Assembly 


9.  OPERATION  WITH  THE  MINI-REFRACTIONSONDE  SYSTEM 

A typical  operational  sequence  for  a mini- 
re Tract ionsonde  launch  is  listed  in  Table  1.  Except 
for  the  balloon  filling  and  sonde  launch,  the  opera- 
tion is  totally  automatic.  There  is  no  baselining 
of  the  sonde,  only  the  launch  altitude  must  be 
entered.  As  the  sonde  is  activated  the  receiver 
will  automatically  acquire  and  track  the  telemetry 
frequency.  As  the  sonde  is  launched,  the  processor 
will  detect  the  rise  in  altitude  and  begin  the  data 
processing.  As  the  sonde  ascends  the  refractive 
profile  will  be  calculated  and  reported  as  each 
significant  level  is  reached.  When  the  balloon 
bursts  and  the  sonde  begins  to  descend,  the 
processor  will  terminate  the  message. 


TABLE  1 . OPERATIONAL  SEQUENCE 

o TURN  "ON"  GROUND  STATION  POWER 
o UNWRAP  SONDE  A BALLOON 
o INSERT  ROM  IN  PROCESSOR 
o ENTER  LAUNCH  ALTITUDE 
0 FILL  4 TIE  BALLOON 
o PLACE  COVER  ON  BALLOON 
o OPEN  HYGRISTOR  CAN  4 INSERT  IN  SONDE 
o CHECK  FOR  "DATA  RECEIVED"  LIGHT 
o ATTACH  SONDE  TO  BALLOON 
o CARRY  BALLOON  4 SONDE  ON  DECK 
0 RELEASE  BALLOON  4 SONDE 
o REFRACTIVITY  MESSAGE  BEGINS  IMMEDIATELY 
o COMPLETE  MESSAGE  IN  15  to  30  MINUTES 

Some  of  the  advantages  of  the  mini-refraction- 
sonde  system  compared  to  the  present  system  are 
tabulated  in  Table  2.  These  advantages  are 
primarily  in  the  ease  of  operation  and  the  reduction 
of  the  number  of  personnel  required  for  launch.  The 
amount  of  helium  required  for  a typical  operation  is 
also  significantly  reduced. 
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TABLE  2.  MRS  ADVANTAGES 


LAUNCH  PERSONNEL 
REQUIRED 

TIME  FOR  A SOUNDING 
BASELINE  OF  SONDE 


PRESENT 

SYSTEM 


MRS 


3 

3 HRS. 
YES 


1 

145  MINS. 
NO 


AUTOMATIC  DATA  REDUCTION  NO  YES 

BALLOONS  FILLED/TANK  2-1/2  «0 


There  is  a cost  savings  in  making  a sounding 
only  to  the  altitude  required  for  the  operation.  A 
lower  level  sounding  uses  both  a less  expensive 
balloon  and  less  helium.  For  soundings  to  20,000 
feet  a 30  gram  balloon  can  be  used.  A 100  gram 
balloon  will  carry  the  mini-sonde  to  35,000  feet.  A 
300  gram  balloon  will  provide  a sounding  to  90,000 
feet. 

Since  most  refractive  anomalies  occur  below 
10,000  feet,  it  is  anticipated  that  the  30  gram 
balloon  will  be  the  primary  ascent  vehicle.  If 
higher  altitude  soundings  are  desired,  a larger 
balloon  can  then  be  selected. 

5.  WIND  SENSING  CAPABILITY 

The  Mini-Refractionsonde  System  does  not 
presently  measure  winds  aloft.  There  is  a strong 
interest  in  incorporating  wind  sensing  into  t‘ 
sonde.  The  sonde  could  be  made  into  a wind  sonde 
without  the  use  of  a tracking  antenna  by  using  the 
Omega  NAVAID  station  signals.  The  use  of  Omega  for 
wind  sensing  was  demonstrated  by  Honeywell  for  NADC 
using  the  AMT-22  dropsonde.  This  wind  sensing 
system  consists  of  an  Omega  receiver  in  the  sonde 
that  receives  and  retransmits  the  Omega  signals  to 
the  ground  processor.  The  addition  of  wind  sensing 
to  the  sonde  would  increase  the  weight  and  cost  of 
the  sonde  by  less  than  10  percent.  There  is  no 
formal  plan  to  incorporate  wind  sensing  in  the  Mini- 
Refractionsonde  System;  however,  wind  sensing  Omega 
receivers  are  being  added  to  some  of  the  sondes  for 
demonstration  purposes.  It  is  hoped  that  wind 

sensing  capabilities  can  be  added  to  the  mini- 
refraotionsonde  within  this  year's  program. 

6.  MRS  PROGRAM  PLAN  AND  STATUS 

A copy  of  the  Mini-Refractionsonde  System 
program  plan  is  shown  in  Figure  5.  The  program  is 
proceeding  in  two  3tages.  The  first  stage  to  be 
completed  in  mid-1979,  will  cover  the  advanced 
development  of  the  mini-sonde,  ground  station  and 
launch  support  equipment.  The  mini-sonde  has  previ- 
ously gone  through  two  development  cycles  and  this 
is  the  third  iteration.  During  the  first  project, 
the  feasibility  of  a 100  gram  sonde  was  demon- 
strated. During  the  second  step,  lab  tests  and 
flight  tests  at  Wallops  Island  demonstrated  the 
capabilities  of  the  3onde.  This  advanced  develop- 
ment phase  is  directed  at  making  a producible  sonde. 
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Figure  5.  Mini-Refractionsonde  System  Program  Plan 


A ground  station  is  being  developed  to  auto- 
matically receive  and  process  the  telemetry  signals 
from  the  sonde.  A special  RF  telemetry  receiver  has 
been  developed  to  receive  the  meteorological  signals 
in  the  presence  of  radar  interference.  A micro- 
processor based  ground  station  is  being  developed  to 
provide  on-line  real-time  data  reduction  and  dis- 
play. A ruggedized  paper  printer  will  output  the 
data.  The  br  adboard  model  of  this  ground  station 
has  been  constructed  and  tested. 

The  launch  support  equipment  consists  of  a 
method  for  filling  and  handling  small  balloons  in  a 
confined  environment.  The  filling  mechanism  is  a 
semi-automatic  system  to  fill  the  balloon  with 
helium  to  a predetermined  nozzle  lift.  A model  of 
the  launch  and  fill  mechanisms  have  been  constructed 
and  lab  tested. 

After  the  construction  of  20  sondes,  there 
will  be  a series  of  land  tests  in  mid-1979  to 
demonstrate  the  operation  of  the  mini-refraction- 
sonde  system.  These  tests  will  be  conducted  in  an 
area  with  a high  refractive  anomaly  probability. 
After  successful  completion  of  land  tests  of  the 
sonde,  further  tests  onboard  an  aircraft  carrier 
will  be  conducted  to  demonstrate  the  system’s 
operability  under  field  operating  conditions. 

After  successful  demonstration  of  system 
operation  under  land  and  shipboard  conditions,  the 
Mini-Refractionsonde  System  will  go  through  the 
final  preproduction  design  phase  in  which  any  opera- 
tional difficulties  will  be  corrected.  An  addi- 
tional quantity  of  100  sondes  and  two  ground 
stations  will  be  constructed  for  use  during 
TECHEVAL.  TECHEVAL  will  take  place  during  early 
1980. 
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Ln-f light  display  of  measured  refractive  con- 
ditions has  presented  a problem  to  effective  re- 
f ractometer  utilization.  Previous  developmental 
models  utilized  X-Y  plotters  and  strip  chart  re- 
corders to  display  refract ivity  as  a function  of 
altitude  or  time.  These  displays  proved  difficult 
to  interpret  in  the  operational  environment.  Re- 
cent effort  has  centered  on  the  development  of  an 
improved  microprocessor  controlled  display  to  pro- 
vide the  ref ractometer  operator  with  a meaningful 
in-flight  assessment  of  ducting  layers  encountered 
during  climbout.  Measurement  technique,  accuracy 
requirements  and  principles  of  operation  of  the  AN/ 
AMH- 3( XAN-5)  Airborne  Microwave  Ref ractometer  (AMR) 
are  presented. 

1.  INTRODUCTION 

The  AMR  is  being  developed  by  Naval  Air  Sys- 
tems Command  to  provide  E-2C  (Airborne  Early  Warn- 
ing Aircraft)  sensor  and  communi cat  ions  equipment 
operators  with  a propagation  assessment  immediately 
after  climbout.  A second  purpose  is  to  provide  re- 
fractivity  data  to  the  carrier  based  Environmental/ 
Weapons  Effects  Prediction  System. 

Previous  models  of  the  AMR  underwent  initial 
technical  and  operational  testing  on  E-2B  aircraft 
during  1976.  As  a result  of  this  testing  a deci- 
sion was  made  to  develop  an  improved  (operationally 
effective)  display  and  to  retest  the  AMR  in  E-2C 
aircraft  prior  to  a production  decision. 

2.  REFRACTOMETER  DESCRIPTION 

The  three  units  of  the  AMR  are  shown  in  Fig- 
ure 1.  The  air  sensor  unit  consisting  of  a fair- 
ing, microwave  cavity  and  thermistor  probe  is  pic- 
tured disassembled.  This  sensor  unit  is  mounted 
atop  the  aircraft  forward  of  the  prop  line.  The  4 
ATR  sized  processor  unit  is  shock  mounted  in  the 
avionics  equipment  bay*.  The  new  Light  Emitting  Di- 
ode (LED)  display  unit  is  mounted  in  the  copilots 
console.  The  equipment  is  powered  by  28  volts  dc 
at  1.25  amps  and  weighs  28  pounds. 

During  flight,  sensor  data  is  digitized  and 
r.M  urded  on  standard  300  foot  Phillips  cassette 
tapes  by  the  processor  unit  pictured  in  Figure  2. 
censor  data  consists  of  atmospheric  pressure  (from 
aircraft  static  system),  ram  re f ract i vl ty , ram  air 
temperature  and  total  pressure  (from  aircraft  pitot 
Mvntea).  These  quantities  are  recorded  every  two 
..  Twelve  hours  of  data  can  be  recorded  on  a 

•tingle  assette.  An  1802  CMOS  microprocessor  is 
it  t 1 1 zed  within  the  processor  unit  to  correct 


Figure  1.  Airborne  Microwave  Ref ractometer 
AN /AMH- 3 (XAN-5) 

displayed  data  for  ram  heating  effects,  to  calcu- 
late and  store  altitudes  of  ducting  layers  and  to 
perform  built  in  test  functions.  An  erasable  pro 
graraable  read  o.ily  memory  is  also  utilized  which 
will  permit  later  growth  in  the  refractive  assess 
raent  programming  to  include  display  of  additional 
anomalies  such  as  sub re f ract i ve  layers. 


Figure  2.  Ref ractometer  Processor  Unit 
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The  display  unit  is  pictured  in  Figure  3. 
After  climbout  to  station  altitude,  the  operator 
(copilot)  can  select  any  of  the  measured  atmos- 
pheric ducting  layers  for  display.  Only  layers 
greater  than  200  feet  thick  are  displayed  at  pre- 
sent. Analysis  of  all  previous  cassette  data  has 
resulted  in  a maximum  of  seven  ducting  layers  dis- 
played. The  display  is  limited  to  nine  layers. 
Typically  between  0 and  2 layers  are  detected.  The 
highest  ducting  layer  to  date  was  measured  at 
18.000  feet. 


3.  MF-ASUREMENT  TECHNIQUE 

Measurement  requirements  for  the  AMR  are 
shown  in  Table  1.  The  ranges  of  the  sensors  are 
consistent  with  those  expected  in  the  lower  30,000 
feet  of  the  atmosphere.  Raw  data  with  ram  air  and 
thermal  lag  effects  are  recorded  on  magnetic  tape 
and  later  corrected  by  computer.  Air  temperature 
and  pitot  pressure  measurements  provide  the  correc- 
tions. Typically  these  corrections  add  from  one  to 
10  N-units  to  measured  refractivity  values. 


Figure  3.  Ref ractometer  Display  Unit 

In  addition  to  ducting  layers,  the  display 
unit  also  indicates  current  aircraft  altitude,  pro- 
posed aircraft  altitude,  bull*  in  test  status 
(IFPM  digit)  and  horizontal  r.i-  go  to  the  expected 
propagation  anomaly.  Horizontal  homogeneity  of  the 
atmosphere  is  assumed.  If  the  aircraft  descends 
below  the  base  of  a displayed  dinting  layer,  that 
layer  no  longer  causes  a significant  anomaly  and  no 
range  calculation  can  he  displayed.  If  the  air- 
craft descends  into  a duct,  the  symbol  "DDD"  is 
displayed  to  alert  the  operator  to  over-the-horizon 
propagation  in  that  layer.  A physical  representa- 
tion of  the  range  calculation  is  shown  in  Figure  4. 
The  AMR  uses  measured  data  for  AN  (refractivity 
changes  to  the  layer)  and  AH  (height  change  to  the 
layer).  The  calculation  assumes  the  N-gradient  is 
linear.  If  the  operator  selects  a proposed  alti- 
tude for  display,  the  range  calculation  assumes  a 
-8  N-unit/1000  feet  gradient  from  the  layer  top.  If 
no  ducting  layers  are  displayed  (or  the  0 layer  is 
selected)  the  range  calculation  represents  the  ra- 
dio horizon 


Figure  4. 
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Table  1.  Ref ractometer  Measurement  Requirements 

A.  block  diagram  of  the  refractivity  measure 
ment  technique  is  shown  in  Figure  5.  Air  flowing 
through  the  invar  sampling  cavity  varies  its  reso- 
nant frequency  by  one  part  per  million  per  N-unit 
of  refractivity  change.  A harmonic  of  a swept  Vol- 
tage  Controlled  Oscillator  (VCO)  is  phase  locked  to 
the  cavity.  The  average  frequency  of  the  VCO  there 
fore  varies  directly  with  the  refractivity  of  the 
air.  The  gate  time  of  the  VCO  counter  was  di liber- 
ate ly  made  rather  long  (0.27  sec)  to  cause  some 
smoothing  of  the  measured  data.  Rainfall  can  cause 
loss  of  cavity  lock.  This  is  detected  by  monitor- 
ing counter  overflow  which  sets  a test  point  to 
warn  the  operator  and  post-flight  data  analyst. 

Lock  is  automatically  restored  when  the  cavity 
dries . 
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Figure  5.  Ref ractometer  Measurement  Technique 


TEST  AND  EVALUAT 1 ON/ PRODUCT 1 ON  PLANS 


Currently  two  developmental  models  of  the  AMR 
have  been  built.  The  planned  evaluation  and  pro- 
duction schedule  Is  shown  In  Table  2.  The  schedule 
Is  subject  to  change  pending  receipt  of  approval 
for  service  use. 
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ABSTRACT 


REFRACTIVE 
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A dual  channel,  high  performance  receiver  has 
been  developed  to  validate  a technique  that  infers 
the  tropospheric  refractive  index  structure  from 
measurements  of  the  optical  interference  pattern 
created  by  a satellite-borne  radio  frequency  trans- 
mitter as  the  satellite  moves  through  low  elevation 
anqles.  Presented  here  are  the  preliminary  results 
of  the  observations;  the  salient  points  include  the 
following.  First,  the  analytical  models  predicting 
the  null  locations  from  known  refractive  index 
structure  aqree  remarkably  well  with  observations 
of  the  optical  interference  pattern.  Second,  the 
null  number  ambiguity  associated  with  surface  based 
ducting  conditions  can  readily  be  resolved  by 
monitoring  two  suitable  radio  frequency  signals 
simultaneously. 
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1 . INTRODUCTION 


Figure  1.  Schematic  diaqram  illustrating  PRISM 
concept . 


NOSC  is  developing  a passive  technique  to  de- 
termine the  refractive  structure  of  the  lower 
atmosphere  by  monitoring  radio  frequency  signals 
from  a satellite  (Figure  1).  The  technique,  known 
as  Passive  Refractive  Index  by  Satellite  Monitorinq 
(PRISM) , provides  several  advantages  over  current 
methods  of  determining  the  refractivity  structure. 
First,  the  technique  is  completely  passive  since 
only  the  satellite  radiates.  Second,  the  receiver 
needs  no  high  calibration  since  the  relative 
amplitude  of  the  siqnals  is  the  only  requirement. 
Third,  since  the  dominant  refractivity  effects 
occur  in  the  first  two  degrees  above  the  horizon, 
there  is  no  need  to  track  the  satellite.  Finally, 
no  complex  logistics  support  is  required  as 
compared  with  radiosonde  or  ref ractometer 
operations. 


1 . method 


The  technique  utilizes  observed  differences 
between  the  direct  and  sea-reflected  path-lengths 
to  accurately  infer  the  true  elevation  anqles  at 
the  qround  station.  The  refractive  structure  is 
inferred  by  assuming  a wide  variety  of  refractive 
profiles  and  computing  the  null  locations  for  each 
assumed  profile  based  on  knowledge  of  the  true 
elevation  anqles.  The  modeled  null  locations  are 
fit  to  the  observed,  and  the  profile  yielding  the 
"best-fit"  will  be  representative  of  the  true 
refractive  structure. 


Fiqure  2 illustrates  the  geometry  of  the  direct 
and  reflected  path.  It  is  assumed  that  both  paths 
are  parallel  and  equally  affected  by  the  presence 
of  an  elevated  refractive  layer.  Once  the  path 
length  difference  6 is  established  and  the 
corresponding  qround  ranges  noted,  a wide  variety 
of  refractive  index  profiles  are  assumed.  For  each 
assumed  profile,  the  true  elevation  angle  a at  the 
qround  station  (associated  with  a particular  < S)  can 
be  calculated  by  a numerical  solution  of  the 
following  formulas. 


2.  OBJECTIVE 


The  objective  of  the  PRISM  project  is  to 
develop  and  validate  a technique  to  provide  the 
refractive  index  structure  of  the  lower  atmosphere 
by  monitoring  radio  frequency  signals  from  a 
satellite  as  the  satellite  moves  through  low 
elevation  anqles.  The  specific  objective  of  this 
paper  is  to  describe  the  technique,  summarize  the 
work  that  has  been  completed  to  date  and  outline 
future  plans. 
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where  Y = earth  central  anqle 

h = height  of  ground  station  antenna 
a = effective  earth  radius  factor  based 

0 

on  lowest  segment  of  assumed  refractivity  profile, 
and 

6 = path  length  difference  = d ^ - d^ 

Equations  (1)  and  (2)  are  valid  if  it  can  be 
assumed  that  the  direct  and  reflected  rays  are 
parallel.  This  is  certainly  a good  assumption  on  a 
satellite- to-ground  path.  Also  note,  there  will  be 
no  effect  on  the  path  length  di f ference  from  any 
elevated  refractive  layers,  since  both  the  direct 
and  reflected  rays  traverse  parallel  paths  and  any 
effect  on  one  is  cancelled  by  an  equal  effect  on 
the  other. 

ELEVATED  REFRACTIVE  LAYER 


Figure  2.  Geometry  used  for  relatinq  path  length 
difference  to  elevation  angle  under  the 
assumption  of  parallel  direct  and  re- 
flected rays. 


After  the  elevation  angle  is  calculated,  the 
ground  range  to  the  satellite  is  determined  by 
numerical  solution  of  the  following  formula. 


fS  dz  

n (1  ♦ z/a)  ► ( (1  + a/a) n) ' - c' 

where 

R is  the  sub-orbital  range  to  the  satellite, 
n is  the  refractive  index  at  height  z, 

C is  the  ray  characteristic,  n cos  (a), 
h is  the  height  of  the  ground  station  antenna, 
n is  the  refractive  index  at  height  h, 
s is  the  height  of  the  satellite  and, 
a is  the  true  radius  of  the  earth. 

The  computed  ranges  are  compared  to  the  observed 
ranges  and  the  assumed  profile  which  yields  the 
"best  fit”  will  be  representative  of  the  actual 
profile. 


The  only  serious  complication  in  this  technique 
is  the  assignment  of  the  path-length  difference  to 
each  null  in  the  observed  pattern.  For  example, 
since  a surface  based  duct  will  trap  low  elevation 
angle  rays,  the  first  null  observed  may  not 
correspond  to  a difference  of  one  wavelength. 
However,  this  complication  can  be  eliminated  by 
using  frequency  or  height  diversity  methods. 

4.  EQUIPMENT 

To  implement  the  technique,  a dual  channel, 
computer  controlled  receiver  was  designed  to 
process  two  independent  signals  (one  in  the  1 to  2 
GHZ  band,  the  other  in  the  2 to  3 GHZ  band)  with  a 
typical  sensitivity  of  -143  dBm.  The  antenna  is  a 
2.4  metre  circular  parabolic  dish  providing 
beamwidths  of  8.7  and  5.8  degrees  for  1.2  GHz  and 
2.8  GHz  respectively.  Fiqure  3 is  a block  diagram 
of  the  PRISM  receiver  and  illustrates  the  major 
components. 

1 - 2 GHz  AND 
2-3  GHz 


Figure  3.  Block  diagram  of  the  PRISM  receiver. 


The  primary  transmitter  used  during  the 
measurement  periods  is  satellite  P76-5  (Wideband) 
developed  by  the  Stanford  Research  Institute  for 
the  Defense  Nuclear  Agency  to  characterize 
trans ionospheric  communications  channels.  The 
satellite  transmits  ten  coherent  CW  signals,  one  in 
VHF , seven  in  UHF  and  two  in  SHF  bands.  The  two 
highest  frequencies  are  the  only  frequencies 
monitored  by  the  PRISM  receiver  and  are  located  at 
1239  MHz  and  2891  MHz.  The  lower  frequencies  are 
not  monitored  since,  for  low  elevation  angles,  the 
number  of  nulls  received  at  the  ground  station  are 
too  few  to  be  used  in  inferring  the  refractive 
index  structure. 
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RANGE  IN  KILOMETERS 

Figure  4.  Comparison  of  the  modeled  and  observed  interference  pattern  at  1239  MHz  for  14  Auqust  1978. 


Table  1 lists  the  power  budget  parameters  for 
the  Wideband/ground  station  equipment.  The  free 
space  signal  levels  are  approximately  17  dB  above 
the  receiver  noise  threshold.  Since  the  j^eak 
amplitude  of  the  interference  pattern  is  6 dB  above 
the  free  space  level  there  is  approximately  23  dB 
dynamic  range  available  for  detect inq  the  nulls. 


The  orbit  of  the  Wideband  satellite  and  the 
location  of  the  qround  station  normally  allow 
measurement  of  the  null  patterns  as  the  satellite 
ascends  and  descends  over  the  horizon  during  one 
orbit.  Measurements  of  the  interference  pattern 
are  made  for  orbits  where  the  transmi tter-to- 
receiver  path  is  entirely  over  water  (useable 
orbits  occur  twice  daily  at  noon  and  midnight). 
Supporting  meteorological  measurements  are  made  in 
between  the  ascent  and  descent  of  the  satellite  by 
a balloon-borne  radiosonde. 

Table  2 provides  a summary  of  the  measurement 
periods  made  during  1978.  The  table  lists  the 
dates  of  the  measurement  period,  the  height  of  the 
satellite,  and  indicates  whether  the  satellite  was 
ascending  or  descending  at  the  horizon.  The  column 
labeled  Offset  describes  the  absolute  range 


difference  between  the  modeled  null  pattern  and  the 
observed  pattern.  The  largest  absolute  range 
difference  of  -24.5  km  corresponds  to  a time 
difference  of  4.2  seconds  between  the  location  of 
the  satellite  predicted  from  orbital  parameters  and 
its  location  modeled  by  the  PRISM  technique.  Since 
the  accuracy  of  the  qround  station  timing  is  ±1 
second  and  the  orbital  prediction  program  is  ± 4 
km,  this  leaves  a residual  of  approximately  14  km 
(worst  case)  in  the  absolute  PRISM  technique.  This 
means  that  the  technique,  by  itself,  cannot 
reliably  determine  the  path  length  difference  at 
high  elevation  anqles  which  are  not  affected  by  the 
refractivity  structure. 

Figure  4 is  a plot  of  the  interference  pattern 
observed  on  14  Auq  1978  at  2051  GMT.  The  figure 
shows  the  1239  MHz  signal  plotted  as  relative 
amplitude  in  dB  versus  sub-orbital  range  to  the 
satellite.  Superimposed  on  the  received  signal 
curve  is  the  pattern  modeled  from  the  measured 
refractive  index  profile.  The  numbers  1 to  6 
locate  the  first  6 optical  interference  nulls. 
Also  shown  is  the  true  elevation  angle  reference. 
Inspection  of  Figure  4 shows  remarkable  agreement 
between  the  observed  and  modeled  interference 
patterns  and  validates  the  algorithms  currently 
used. 
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6.  FUTURE  PLANS 


ERP  (dBm) 

♦22 

♦ 19 

Free  Space  Path 

Loss  (dB) 

-166 

-173 

Antenna  Gain 

♦20 

♦ 32 

Polarization  Loss 
(dB) 

-3 

-3 

Received  Signal 
Level  (dBm) 

-127 

-125 

Receiver  Noise 

Level  (dBm) 

-144 

-143 

S/N  Radio  (dB) 

+ 17 

♦ 18 

Table  1.  Power  budget 
Satellite  and 

calculation  for  Wideband 
PRISM  receiving  station 

Date 

Height 

Ascent 

or 

Of  fset 

(km) 

Descent 

(km) 

7/20/78 

1001 

A 

-5.5 

7/20/78 

1022 

D 

♦2.5 

7/28/78 

1009 

A 

-9.0 

7/28/78 

1032 

D 

♦ 12  .5 

8/02/78 

10  39 

D 

-24.5 

8/03/78 

1019 

A 

-9.0 

8/03/78 

10  38 

D 

-10.5 

8/14/78 

10  36 

A 

-3.0 

8/14/78 

1048 

D 

♦ 12  .0 

8/16/78 

1037 

A 

-5.0 

8/16/78 

1050 

D 

-5.5 

It  is  recognized  that  a major  problem  with  the 
PRISM  technique  is  the  positive  identification  and 
numbering  of  the  received  nulls.  Therefore,  the 
next  step  in  developing  PRISM  is  to  refine  the  null 
location  and  numbering  algorithms.  These 
refinements  may  consist  of  a cross-correlation  of 
segments  of  the  received  signal  patterns  with 
analytical  models  of  the  pattern  to  reject 
extraneous  fading  or  other  post-reception  signal 
processing  techniques.  After  these  refinements 
have  been  made,  a program  will  be  developed  to 
infer  the  best-fit  refractivity  profile  from  the 
observed  null  locations  using  a least-squares  fit 
routine.  Following  the  development  of  this 
program,  there  will  be  a set  of  measurements 
performed  to  verify  the  program  by  comparing 
best-fit  profiles  with  measured  profiles.  Finally, 
a report  documenting  the  PRISM  technique  and 
programs  will  be  prepared  with  recommendations  for 
future  work  and  possible  shipboard  implementations. 

The  work  reported  in  this  paper  was  performed 
under  sponsorship  of  the  Naval  Sea  Systems 
Command.  The  authors  would  like  to  thank  C.  E. 
Jedrey  for  his  continued  support. 


Table  2 . Summary  of  PRISM  measurement  periods 

for  1978  showing  offset  between  modeled 
and  observed  null  patterns. 
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ABSTRACT 

The  results  of  a study  of  elevated  ducts  in 
the  Hawaiian  islands  are  discussed.  Signal 
strengths  and  the  refractive  index  have  been 
measured  as  a function  of  altitude  and  range,  and 
compared  with  calculations. 

The  duct  altitudes  were  typically  between 
1000  meters  and  2000  meters.  Measurements  were 
performed  at  frequencies  of  150  MHz,  450  MHz,  and 
2200  MHz,  at  ranges  from  100  km  to  800  km  and  at 
altitudes  up  to  3000  meters. 

A number  of  aircraft  and  ground  sites  were 
used  to  measure  the  signal  strengths  and 
meteorological  parameters.  Two  transmitters 
(150  MHz  and  450  MHz)  were  on  the  ground  while 
three  additional  transmitters  (150  MHz,  450  MHz, 
and  2200  MHz)  were  placed  in  a helicopter  which 
typically  flew  at  the  altitude  of  the  duct. 
Calibrated  receivers  located  over-the-horizon  on 
the  ground,  in  a helicopter,  and  in  an  airplane 
were  used  for  simultaneous  measurements.  The 
receiving  helicopter  typically  performed 
measurements  as  a function  of  altitude  at  ranges 
of  400  km  to  500  km.  The  airplane  was  used  to 
measure  the  signal  strengths  as  a function  of 
range  and  to  characterize  the  path  between  the 
transmitters  and  the  receiving  helicopter.  On  one 
occasion,  however,  the  plane  flew  the  other 
direction  from  the  receiving  helicopter  to  a range 
800  km  from  the  transmitters. 

The  refractive  index  height  profile  along  the 
measurement  path  has  been  reconstructed. 
Calculations  based  on  this  profile  are  presented 
and  compared  with  the  measured  data. 

1.  INTRODUCTION 

VHF  and  UHF  radio  signals  normally  travel  in 
a straight  line  and,  because  of  the  earth's 
curvature,  efficient  propagation  is  usually 
limited  to  ranges  no  greater  than  the  distance  to 
the  horizon.  Normal  atmospheric  refraction  extends 
the  radio  horizon  somewhat  beyond  the  visual 
horizon.  Tropospheric  ducting,  however,  when 
present  provides  a mechanism  for  strong  VHF/UHF 
signals  to  be  transmitted  rar  beyond  the  radio 
horizon.  A tropospheric  duct  is  a layered 
condition  of  the  atmosphere  where  there  is  a sharp 
drop  in  humidity  between  a lower  layer  of  moist  air 
and  a higher  layer  of  dry  air.  This  sharp  drop  is 
often  associated  with  a temperature  inversion.  The 
sharp  decrease  in  humidity  with  height  produces  a 


sharp  refractivity  index  gradient  which  can  cause 
VHF/UHF  radio  waves  to  bend  sharply  and  follow  the 
humidity  boundary  far  over  the  horizon. 

There  are  a number  of  different  kinds  of 
ducts.  The  evaporation  duct  is  the  type  which 
commonly  occurs  in  the  first  few  meters  above  a 
body  of  water.  There  is  another  type  of  surface 
duct  with  typical  heights  of  100  meters,  and  there 
are  low  elevated  ducts  with  typical  heights  up  to 
1000  meters,  and  high  elevated  ducts  with  typical 
heights  up  to  2000  meters. 

This  study  is  directed  at  characterizing  the 
high  type  elevated  ducts  which  are  typical  of  lower 
latitudes  in  the  central  and  western  Pacific  and 
Atlantic  Oceans,  and  of  the  Caribbean  Sea. 

2.  MEASUREMENTS 

2 . 1 Overview 

Radio  meteorological  measurements  were 
performed  in  the  Hawaiian  Islands  from  lb  May  1977 
through  24  June  1977.  Signal  strengths  were 
measured  as  a function  of  altitude  and  range. 

Height  profiles  of  the  atmospheric  pressure, 
temperature,  and  humidity  (and  hence  refractivity) 
were  measured  along  the  propagation  path. 

Figure  1 presents  a schematic  representation 
of  the  experimental  arrangement.  Beacon 
transmitters  operating  at  149.1  MHz  and  449.0  MHz 
were  located  on  the  ground  near  South  Point  on  the 
island  of  Hawaii.  The  antennas  were  on  a telephone 
pole  18  meters  (60')  above  the  98  meter  (320') 
elevation  of  the  site.  Three  more  transmitters 
were  mounted  in  a UH-1  helicopter  which  orbited 
over  the  island  near  South  Point.  These 
transmitters  operated  at  frequencies  of  149.3  MHz, 
449.2  MHz,  and  2201.7  MHz,  slightly  offset  from 
the  ground  transmitter  frequencies. 

A UH-3  helicopter  equipped  with  beacon 
receivers  was  used  to  make  measurements  off  the 
coast  of  Kauai,  and  a U-21  airplane  equipped  with 
beacon  receivers  was  used  to  make  measurements 
along  the  500  km  path  between  the  islands  of  Kauai 
and  Hawaii.  These  two  aircraft  along  with  the 
transmitting  helicopter  were  also  equipped  with 
meteorological  instrumentation  to  measure 
atmospheric  temperature,  humidity,  and  pressure. 

The  UH-3  helicopter  had  receivers  for  all  the  ground 
and  airborne  transmitters.  The  U-21  airplane  had 
receivers  for  both  the  air  and  ground  149  MHz 
transmitters.  For  the  final  three  flights,  an 


Three  Frequencies 


Flqure  1.  Schematic  represents  ion  0*  e«perimenta1  plan  (Mav  -lune  1977) 


additional  receiver  was  installed  in  the  U-21  to 
measure  either  the  air  or  ground  449  MHz  signal. 

A ground  site  located  at  Lihue  Airport  on  the 
island  of  Kauai  measured  the  signals  from  the 
helicopter  transmitters. 

2.2  Propagation  Geometry 

The  propagation  zones  for  the  path  between 
the  transmitter  site  at  South  Point  and  the  Kauai 
receiver  site  are  summarized  in  Figure  2.  The 
transmitter  is  assumed  to  be  at  an  altitude  of 
1500  m (4920')  and  the  flat  earth  representation  is 
used.  The  maximum  1 ine-of-sight  path  to  a 
receiving  aircraft  at  a typical  duct  height  of 
1500  m is  320  km.  Free  space  signals  can  be 
expected  to  within  40  km  of  this  limit.  The 
diffraction  zone  provides  a transition  between  the 
free  space  zone  and  the  tropospheric  scatter  zone 
which  follows.  Beyond  a range  of  360  km  (at  an 
altitude  of  1500  m)  the  normal  propagation 
mechanism  is  tropospheric  scatter.  In  this  zone 
r 5 40  to  60  dB,  where  T indicates  the  propagation 
loss  in  excess  of  free  space. 

2. 3 Typical  Measurements  Flight 

Typically  the  U-21  airplane  would  make  a 
series  of  ascents  and  descents  on  an  outward  flight 
from  the  island  of  Kauai  to  the  island  of  Hawaii 
(see  Figure  3).  These  soundings  from  60  to  3000 
meters  (200'  to  10,000*)  were  used  to  determine  the  • 
altitude  of  the  sharp  humidity  drop.  Then  the  U-21  $ 

would  fly  the  return  trip  just  below  the  sharp  r 

humidity  drop  and  measure  the  radio  signal 
strengths  and  meteorological  conditions  as  a 
function  of  range.  The  transmitting  helicopter 
would  take  off  just  before  the  U-21  arrived  at  the 
Hawaii  end  of  its  flight,  make  a sounding,  and  then 
orbit  in  the  duct  Just  below  the  sharp  humidity 
drop.  Simultaneously  with  the  level  return  flight 
of  the  U-21  airplane,  the  UH-3  receiver  helicopter 
would  make  vertical  soundings  off  the  coast  of 
Kauai . 


2 . 4  Summary  of  Ducting  Conditions  During 

Measurements  Period 

The  ducting  conditions  that  occurred  during 
the  measurements  period  are  summarized  in  Figure  4. 
This  figure  is  based  on  the  Lihue  Airport 
radiosonde.  Each  vertical  line  represents  the 
height  and  thickness  of  the  duct  as  indicated  by 
the  radiosonde.  The  strength  of  the  duct  is 
indicated  by  the  width  of  the  line.  The  data 
collection  flights  are  indicated  by  the  flight 
number  and  corresponding  arrows.  A refract ivity 
slope  greater  than  -100  N/km  was  taken  as  the 
threshold  for  ducting.  The  -100  N/km  value, 
rather  than  the  theoretical  threshold  of  -157  N/km, 
was  used  because  this  procedure  has  been  found  in 
practice  to  provide  a nominal  compensation  for  the 
sluggish  humidity  response  of  the  radiosonde. 

The  figure  indicates  that  during  the  setup 
and  shakedown  period  of  the  first  few  days  there 
were  strong  ducting  conditions.  During  the  middle 
of  the  test,  the  ducting  conditions  were  nearly 
nonexistent  allowing  a number  of  reference  flights 
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Figure  3.  Flight  profiles. 


Radiosonde- Derived  Refractivitv  Data 
Station  91 166. . . .1 ihue,  Hawai i ... .26  Hay  ♦ 23  June  1977 
100  N/ km  Duct 
% 


ROPETRITK  II  Flight  Numbers 


| 111  III 


I 

i 


n 


I 


Key  • 


10-15  

15-20  

'2 0 ■ ■ — 


I 

I 


I 

I 

I 

I 


26  27  2R  29  30 
Hay  1977 


M- 

3 4 


f t ♦ t-  ♦ ♦ ♦ — I < -♦  -f-H  -f-  ♦ i-l  '-H 
5 6 7 R 9 10  11  12  13  14  15  16  17  1R  19  20  21  22 
June  1977 


Fiqure  4.  Sunnary  of  ducting  conditions  during  measurements  period 


Figure  5 Trilmear  refractivity  model  and  flat-earth  diagram. 


to  be  flown.  Fortunately,  the  good  ducting 
conditions  returned  during  the  last  week  of  the 
test  and  this  is  when  most  of  the  good  data  was 
taken.  The  data  t<  be  discussed  in  this  report 
was  taken  on  Flights  16  and  18. 

3.  THEORY 

3. 1 Introduction 

The  ducted  signal  levels  to  be  expected  on 
Flights  16  and  18  were  calculated  as  a function  of 
altitude  and  range.  The  computer  program  used  for 
these  calculations  is  discussed  in  Section  3.2. 
Frequencies  of  149  MHz  and  449  MHz  were  treated 
for  the  ground  and  airborne  transmitters.  The 
refractivity  profile  models  used  for  each  flight 
were  based  on  the  refractivity  measurements* 
performed  during  that  particular  flight. 

In  Section  4 the  measured  signal  strength 
profiles  are  analyzed  and  interpreted  by  comparison 
with  theory.  Three  ducting  cases  and  their 
characteristic  height-gain  curves  form  the  basis  of 
much  of  this  analysis.  These  three  classes  of 
ducting,  their  characteristic  attenuation,  and 
their  typical  height-gain  curves  are  discussed  in 
Sections  3.3,  3.4,  and  3.5. 

3.2  Computer  Program 

The  basic  computer  program  used  for  these 
calculations  was  developed  by  Pappert  and 
Goodhart  (1977).  This  program  was  modified  to 
increase  its  input  and  output  capabilities.  In 
particular,  routines  were  written  to  plot  the 
output  in  a number  of  different  formats  which  are 
intuitively  useful  in  interpreting  the 
calculations. 


♦Actually  the  refractivity  was  determined 
from  the  aircraft  measurements  of  temperature, 
pressure,  and  humidity. 


The  program  is  based  on  a planar  waveguide 
analysis  and  obtains  solutions  to  the  modal 
equation.  It  treats  a horizontally  stratified 
three-segment  refractivity  model  in  the  flat  earth 
representation  where  M is  the  modified  refractivity 
Kerr  (1951).  The  M profile  used  is  shown  on  the 
left  side  of  Figure  5.  The  first  inflection  point 
is  at  an  altitude  designated  Zj,  and  the  second 
inflection  is  designated  Z2. 

3. 3  Three  Ducting  Cases 

Over-the-horizon  propagation  induced  by 
elevated  ducts  can  be  conceptually  separated  into 
three  cases  and  the  physical  interpretation  of 
these  three  cases  is  represented  by  the  three 
types  of  rays  in  Figure  5;  trapped,  chordal,  and 
multihop  rays.  For  the  purpose  of  visualization, 
consider  a ray  propagating  at  altitude  Z\  with  an 
elevation  angle  0.  Note  that  Z\  is  the  source 
altitude  which  would  trap  a ray  with  the  largest 
launch  angle4-.  Thus,  it  is  logical  to  specify 
angles  at  this  altitude. 

For  angles  less  than  a critical  elevation 
angle,  a ray  launched  at  Z\  will  be  totally 
contained  or  "trapped"  in  the  duct.  For  angles 
whose  magnitude  is  somewhat  larger  than  this 
critical  angle,  the  rays  will  not  be  trapped,  but 
will  be  partially  reflected  off  the  refractive 
layer  within  the  duct,  with  the  reflected  portion 
propagating  in  a chordal  fashion  under  the 
refractive  layer,  while  the  transmitted  portion 
continues  above  the  duct. 

As  the  angle  i ecomes  larger,  a point  is 
reached  at  which  the  rays  will  alternately  be 
reflected  by  the  ground  and  partially  reflected  by 
the  layer.  In  this  case  the  ray  propagates  in  a 
multiple  hop  fashion  under  the  duct,  with 


+The  large  launch  angle  required  to  escape 
the  duct  might  be  interpreted  as  meaning  Z\  is  the 
optimum  height  to  couple  energy  into  the  duct. 
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transmitted  portions  of  the  ray  continuing  above 
the  duct  at  each  partial  reflection  point. 

3.4  Mode  Attenuation  Characteristics 


Figure  6 shows  the  mode  attenuation  rates 
versus  the  real  part  of  the  eigenangle  as 
calculated  by  the  Pappert/Goodhart  computer  program 
for  an  M profile  typical  of  Flight  18.  The  plot  is 
separated  into  three  segments  corresponding  to  the 
three  mode  types.  The  three  segments  can  be 
understood  if  we  consider  the  expected  loss  per 
unit-length  characteristics  of  each  mode  type. 

From  simple  geometry  and  ray  tracing 
considerations  one  finds  that  for  Flight  18,  rays 
with  an  angle  less  than  7.7  mr  (ml lliradian)  at  Z\ 
(1313  m)  are  trapped  in  the  duct,  and  thus  would  be 
expected  to  have  low  losses.  This  angle 
corresponds  to  the  eigenangle  transition  between 
the  trapped  and  chordal  cases,  with  the  low-loss 
trapped  modes  having  eigenangles  less  than  or  equal 
to  7.7  mr. 

For  the  chordal  rays  which  have  angles  larger 
than  7.7  mr,  the  amount  of  partial  reflection 
depends  on  the  amount  and  the  abruptness  of  the 
decrease  in  refractivity  at  the  ducting  layer,  and 
on  the  angle  of  incidence  at  Zj.  If  the  angle  of 
incidence  is  near  the  critical  angle  the  partial 
reflection  approaches  100%.  However,  as  the  angle 
increases  above  the  critical  angle,  two  things 
happen:  the  reflection  loss  increases,  and  the 
path  length  between  the  reflection  points  also 
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Figure  7.  Mode  attenuation  as  a function  of  eigenangle  (449  MH/). 


increases.  When  the  loss  per  unit-length  is 
calculated  these  two  effects  generally  offset  each 
other,  although  initially  the  increase  in 
reflection  loss  dominates,  resulting  in  a sharp 
increase  in  per  unit-length  attenuation  at  the 
transition  between  the  trapped  and  chordal  cases. 
This  is  exactly  what  is  seen  in  Figure  6.  At 
larger  angles,  the  path  distance  factor  is 
slightly  stronger  and  the  per  unit-length 
attenuation  actually  decreases  slowly.  Figures  6 
and  7 do  not  show  chordal  modes  with  eigenangles 
large  enough  for  this  effect  to  become  apparent, 
because  rays  with  these  large  angles  hit  the 
ground . 

The  transition  between  the  chordal  and 
multihop  cases  is  defined  by  the  ray  that  just 
grazes  the  earth’s  surface.  For  the  Flight  18 
refractivity  profile,  this  ray  has  an  angle  of 
15.9  mr  at  Z\  (1313  m) . At  this  point  additional 
increases  in  the  angle  at  7\  shorten  the  distance 
between  reflection  points  and  increase  the  partial 
reflection  angle.  These  two  loss  effects  add 
instead  of  cancel,  resulting  in  a dramatic 
increase  in  the  mode  attenuation  shown  in  Figure  6 
at  the  transition  between  the  chordal  and  multihop 
modes.  This  transition  occurs  at  16  mr,  exactly 
where  the  ray  interpretation  would  have  it. 

In  Figure  7 the  mode  attenuation  is  plotted 
for  the  first  50  modes  and  a frequency  of  449  MHz. 
The  first  seven  modes  are  the  low-loss  trapped 
modes,  and  the  remaining  modes  are  the  partial 
reflection  modes.  Note  that  the  attenuation  curve 
is  relatively  flat  after  the  first  few  of  the 
partial  reflected  modes.  The  curve  does  not 
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appear  to  go  back  up  as  it  did  at  149  MHz.  The 
reason  for  this  is  that  at  449  MHz  there  are  many 
more  modes  than  at  149  MHz,  and  50  modes  is  not 
quite  enough  modes  to  include  the  high-loss 
multihop  modes.  However,  note  the  transition 
angle  between  the  trapped  and  chordal  modes  is 
still  at  an  eigenangle  of  7.7  mr  as  expected. 

The  attenuation  values  of  the  three  mode  types 
can  be  simply  summarized.  The  low-loss  trapped 
modes  have  attenuations  of  only  a few  dB/100  km, 
medium-loss  multiple  partial  ~eflection  chordal 
modes  have  attenuations  on  the  order  of  10  dB/100 
km,  and  high-loss  multiple  partial  reflection, 
ground  reflection  modes  have  substantially  greater 
attenuations.  Note  that  these  values  are  "rules 
of  thumb"  and  the  exact  values  depend  on  the 
particular  case  being  considered. 

3.5  Height  Gain  Curves 

One  of  the  principal  means  used  to  relate 
theory  to  measurements  is  by  comparing  the 
calculated  and  measured  height-gain  curves.  Thus 
it  is  important  to  know  the  nature  of  the  height- 
gain  curves  for  the  three  cases  of  trapped, 
chordal,  and  multihop  modes.  Figure  8 gives 
typical  height-gain  curves  for  these  three  cases. 
Note  that  in  the  case  of  the  trapped  mode,  the 
signal  is  fairly  well  confined  in  the  duct, 
dropping  off  dramatically  below  the  duct  and 
moderately  above  the  duct.  These  features  become 
more  pronounced  at  higher  frequencies.  At  lower 
frequencies  or  for  higher  order  trapped  modes 
(which  approach  the  partial  reflection  case),  the 
features  are  less  pronounced.  In  fact,  the  highest 
order  trapped  modes  give  signals  above  the  duct 
which  are  almost  as  strong  as  those  in  the  duct. 
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Figure  8,  Typical  «ode  height-gain  profiles. 
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figure  9.  Relative  strength  of  different  nodes  for  a transmitter 
near  the  duct  ind  *or  a transmitter  near  the  ground. 

The  typical  height-gain  curve  for  a partial 
reflection  chordal  mode  has  a sharp  drop  in  the 
curve  as  the  altitude  is  reduced  below  some 
minimum  value.  The  height  of  this  minimum 
decreases  for  the  higher  order  chordal  modes  until 
it  reaches  the  ground  at  the  transition  between 
the  chordal  and  multihop  modes.  The  curve  is 
relatively  constant  above  this  altitude.  The  slow 
signal  increase  with  height  is  interpreted  as  being 
due  to  rays  which  have  penetrated  the  partial 
reflecting  layer  at  locations  closer  to  the 
transmitter  where  the  signal  was  stronger. 

The  height-gain  curve  for  the  multihop  case  is 
flat  from  the  ground  up,  increasing  slowly  with 
altitude.  The  increase  is  due  to  the  same  reasons 
given  for  the  partial  reflection  case,  but  somewhat 
accentuated  since  the  attenuation  of  these  modes 
is  greater,  and  hence  the  increase  of  the  signal  at 
locations  closer  to  the  transmitter  is  greater. 

3 . 6 Dominant  Modes 

The  contributions  of  the  different  modes  to 
the  received  signal  level  were  calculated  for  two 
transmitter  altitudes,  one  near  the  duct  and  one 
near  the  ground.  See  Figure  9.  The  range  was 
800  km  and  the  frequency  was  149  MHz.  Note  that 
when  the  transmitter  is  near  the  duct,  the  low-loss 
well-trapped  modes  contain  most  of  the  signal 
power.  When  the  transmitter  is  near  the  ground, 
the  power  is  concentrated  in  a few  modes  at  the 
transition  between  the  partial  reflection  and 
multihop  cases.  In  this  case  the  higher  order 
modes  are  eliminated  by  their  high  attenuation 
rate,  while  the  lower  order  modes,  including  the 
well-trapped  modes  are  not  excited  by  the  ground 
transmitter. 
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Thus  one  would  expect  the  sharply  peaked 
height-gain  curve,  which  is  character istic  of 
well-trapped  modes,  when  the  transmitter  is  near 
the  duct.  The  relatively  flat  height-gain  curve 
characteristic  of  higher  order  chordal  and 
multihop  modes  would  be  expected  when  the 
transmitter  is  near  the  ground.  These  effects 
were  observed  in  the  data  and  will  be  discussed  in 
the  following  section. 

4.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

4 . 1 Int roduct ion 

Samples  of  the  measured  data  from  Flights  16 
and  18  are  presented  in  this  section,  and  their 
comparison  with  theoretical  calculations  is 
discussed.  Height-gain  curves  for  the  ground 
transmitter  and  the  airborne  transmitter  at  149  MHz, 
449  MHz,  and  2200  MHz  are  presented  for  a 500  km 
range.  An  additional  149  MHz  height-gain  curve  and 
a "range-gain"  curve  are  given  for  ranges  to  800  km. 
All  cases  presented  in  this  section  are  for  the 
receiver  far  over  the  radio  horizon,  beyond  the 
diffraction  region,  where  the  normal  troposcatter 
propagation  mode  can  not  account  for  the  measured 
signal  levels. 

4 . 2 Flight  18  Refract ivlty  Data 

The  refractivity  along  the  entire  propagation 
path  was  measured  by  the  U-21  airplane.  In 
addition  the  UH-3  helicopter  performed  more 
concentrated  measurements  at  the  Kauai  end  of  the 
path.  The  results  of  these  measurements  are 
presented  in  Figure  10.  It  can  be  seen  that  at  an 
altit  de  of  1000  to  1500  meters  (3300  to  5000  feet) 
there  is  a consistent  ducting  pattern  along  the 


entire  path.  Based  or.  these  measurements  the 
following  tri-linear  refractivity  model  was 
selected  for  the  Flight  18  calculations. 

Z:  = 1313  m 

Z2  * 1498  m 

Slope  from  ground  to  Z\  = 96  M units/km 

Slope  from  Z\  to  Z2  * -160  M units/km 

Slope  above  Z2  = 132  M units/km 

4 . 3  Flight  18  Signal  Strength  Data 

A typical  set  of  149.3  MHz  height-gain  curves 
is  given  in  Figure  11.  These  curves  were  measured 
with  the  UH-3  helicopter  at  ranges  between  450  km 
and  500  km.  The  beacon  transmitter,  indicated  by 
the  "B",  was  just  above  the  top  of  the  duct  at  an 
altitude  of  1554  meters  (5100  feet). 

The  signal  strength  peaks  near  the  free  space 
level  in  the  upper  portion  of  the  duct,  drops  off 
sharply  below  the  duct  and  remains  within 
approxima tely  10  dB  of  the  peak  level  far  above 
the  duct. 

The  signal  level  envelopes  show  good 
repeatability  from  sounding  to  sounding  while  the 
interference  nulls  under  the  envelopes  grow,  decay, 
and  shift  in  altitude.  The  path  length  is  on  the 
order  of  0.25  x 10^  wavelengths  and  a 2 M unit 
change  in  the  average  refractivity,  integrated 
over  the  path  for  a particular  mode,  will  result  in 
a 180°  phase  shift.  Thus,  considering  that  2 M 
units  i s a small  change  in  atmospheric 
refractivity,  and  that  the  transmitting  helicopter 
does  not  remain  in  exactly  the  same  location,  it  is 
not  surprising  that  the  nulls  under  the  signal 
envelope  change  from  sounding  to  sounding. 
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Coe^arlsons  of  calculated  and  measured  helqht-qaln  profiles  for  a 140  MHz  transmitter 
near  the  duct  (Flight  18). 
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Figure  13.  Comparison  of  calculated  and  measured  height-gain  profiles  for  a 44Q  MHz  transmitter 
In  the  duct  (F1 Ight  18) . 
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The  9ignal  strength  was  calculated  for 
comparison  with  the  third  measured  profile  (D4) 
given  in  Figure  11.  It  can  be  seen  in  Figure  12 
that  the  measured  and  calculated  profiles  both 
peak  in  the  duct  as  would  be  expected  from  the 
discussion  in  Section  3.5.  The  envelopes  of  the 
calculated  and  measured  signals  are  in  fairly  good 
agreement.  However,  the  measured  signal  level  is 
somewhat  weaker  in  the  duct  and  stronger  outside 
the  duct,  particularly  at  the  higher  altitudes. 

This  suggests  that  there  may  be  some  leakage  out 
of  the  duct  in  addition  to  what  would  be  expected 
theoretically  for  the  horizontally  homogeneous 
three-segment  refractivity  model  used  here.  In 
terms  of  a modal  analysis  this  would  be  expressed 
as  a conversion  of  energy  from  low-loss,  well- 
trapped  modes  to  high- loss  chordal  mode9  caused  by 
some  perturbation.  Horizontal  refractivity 
inhomogenuit ies  provide  a likely  source  of  the 
perturbation. 

There  is  no  better  agreement  between  the 
measured  signal  nulls  and  the  calculated  signal 
profile  than  was  found  comparing  the  null  structure 
of  different  measured  soundings.  Thus  it  appears 
that  the  relative  phase  of  different  modes  may 
become  random  for  long  paths  in  the  atmosphere. 

The  apparent  loss  of  definite  phase 
relationships  between  the  various  modes  is 
dramatically  illustrated  by  the  449  MHz  data  for 
the  same  sounding,  as  shown  in  (D4)  Figure  13.  In 
this  case  the  calculation  shows  the  modes 
canceling  above  the  duct,  resulting  in  a 20  dB  to 
30  dB  reduction  in  the  calculated  signal  strength 
(thin  dashed  line).  However,  if  the  modes  are 
assumed  to  have  a random  phase  relationship  and 
mode  powers  are  added  (broken  line)  instead  of  the 
usual  vector  addition  of  mode  voltages  used  in  the 
other  calculations,  the  calculated  signal  strength 
profile  is  found  to  be  in  good  agreement  with  the 
measured  profile  (thick  line). 

The  2200  MHz  signal  strength  profile 
measurements  are  particularly  interesting  because 
they  tend  to  mimic  the  449  MHz  measurements.  This 
can  be  seen  in  Figure  14  where  the  2200  MHz  height 
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profile  is  compared  with  the  449  MHz  profile  given 
in  the  previous  figure.  The  close  agreement 
between  these  two  profiles  is  encouraging  since  it 
suggests  that  measurements  and  calculations  at 
449  MHz  can  be  used  to  infer  the  general  nature  of 
duct  propagation  at  much  higher  frequencies,  where 
mode  calculations  require  many  modes  and  are 
therefore  more  difficult. 

Height-gain  curves  for  the  ground  beacon 
transmitter  are  given  in  Figure  15.  These  curves 
are  for  the  same  soundings  used  to  measure  the 
curves  previously  presented  for  the  airborne  beacon. 
The  three  curves  for  the  ground  beacon  are 
reasonably  consistent  having  the  characteristic 
sharp  drop  in  signal  below  the  duct,  a peak  in  tne 
duct  and  a modest  reduction  of  the  signal  level 
above  the  duct.  However,  in  this  case  the  peak 
signal  level  is  quite  weak  being  40  dB  to  50  dB 
below  free  space. 

The  duct  coupling  loss  (or  excitation  factor) 
from  the  ground  can  be  inferred  by  comparing  the 
signal  levels  received  from  a transmitter  in  the 
duct  with  those  from  a transmitter  on  the  ground, 
as  shown  in  Figure  16.  In  this  case  the  coupling 
loss  can  be  seen  to  be  on  the  order  of  40  dB  to 
50  dB. 

The  theoretical  height -gain  profile  was 
calculated  for  the  ground  transmitter  and  is 
compared  with  the  measured  profile  in  Figure  17. 

The  predicted  height-gain  curve  is  quite  broad  as 
would  be  expected  for  partial  reflection  modes, 
while  the  observed  height -gain  curve  shows  a sharp 
peak  at  the  duct  height.  This  sharp  peak  indicates 
that  the  signal  is  primarily  due  to  the  well-trapped 
modes  and  not  the  partial  reflection  modes. 

The  lack  of  partial  reflection  modes  can  be 
explained  by  the  fact  that  for  the  ground 
transmitter  the  theoretical  assumption  does  not 
correspond  to  reality.  The  calculations  assume  a 
transmitter  116  meters  above  a spherical  surface, 
while  in  reality  the  transmitter  was  at  116  meters 
with  a 131  meter  hill  between  it  and  the  assumed 
spherical  surface  (the  ocean).  This  hill  should 
block  all  the  chordal  modes  and  lower  order 
multihop  modes.  The  attenuation  of  the  remaining 
high  order  modes  is  so  great  that  they  could  not  be 
detected  beyond  100  km.  This  explains  the  weak 
signal  below  the  duct  but  does  not  explain  the 
observation  of  a height-gain  curve  characteristic 
of  well-trapped  modes.  According  to  the  theory 
used  here,  these  modes  should  not  be  significantly 
excited  by  a ground  transmitter. 

It  appears  that  the  explanation  must  be  that 
in  the  case  of  a ground  transmitter,  the  well- 
trapped  modes  are  excited  by  mode  conversion  from 
higher  order  modes  which  are  subsequently 
attenuated  leaving  only  the  low-loss  trapped  modes. 

4 . 4 Flight  16  Measurements  and  Discussions 

Flight  16  Is  unique  in  that  the  receiving 
airplane  flew  out  to  a range  of  800  km  from  the 
beacon  transmitters  allowing  ducted  149  MHz  signals 
to  be  measured  at  long  ranges.  The  ducting 
conditions  during  Flight  16  were  quite  ordinary  as 
Indicated  by  the  refractivity  data  given  in  Figure 
18.  While  ducting  refractivity  profiles  were 


clearly  present,  they  were  not  as  consistent  as 
the  Flight  18  profiles. 

4.4.1  Signal  Strength  Above  the  Duct 

The  measured  and  calculated  height-gain  curves 
for  the  149  MHz  airborne  transmitter  at  a range  of 
800  km  are  compared  in  Figure  19.  The  measured 
signal  has  a broad  null  above  the  duct  which  is  not 
present  in  the  calculated  signal.  Aside  from  this 
null,  the  envelope  of  the  calculated  and  measured 
signals  are  in  excellent  agreement  above  and  below 
the  null.  The  null  appears  to  indicate  that  the 
calculated  mode  phases  above  the  duct  are  not 
accurate,  while  the  agreement  of  the  signal  levels 
outside  the  null  Indicate  that  the  mode  strengths 
are  being  correctly  calculated. 

4.4.2  Signal  Strength  Below  the  Duct 

Below  the  duct  the  measured  signal  is  much 
stronger  than  the  calculated  signal.  In  Section 
3.5  it  was  shown  that  the  height-gain  curve  for 
chordal  modes  allows  for  significant  signal  levels 
below  the  duct  while  the  height-gain  curve  for 
well-trapped  modes  drops  dramatically  below  the 
duct.  However,  chordal  modes  which  are  directly 
excited  by  the  transmitter  are  attenuated  below 
detectability  before  they  reach  the  receiver.  Thus 
the  stronger  measured  signal  strengths  are 
interpreted  as  resulting  from  the  excitation  of 
'.,igh-loss  chordal  modes  by  the  interaction  of 
well-trapped  modes  with  irregularities  in  the 
atmospheric  refractivity  along  the  propagation 
path. 


4.4.3  Signal  Strength  in  the  Duct 

The  measured  signal  strength  inside  the  duct 
is  much  less  than  calculated  for  the  particular 
sounding  presented  in  Figure  19.  However,  it  will 
become  apparent  in  the  following  paragraphs  that 
this  large  difference  gives  a misleadingly 
pessimistic  view  of  the  comparison  of  theory  with 
measurements. 

The  difference  between  the  measured  and 
calculated  signals  in  the  duct  is  thought  to  be 
the  result  of  the  calculated  modal  phase 
relationships  being  slightly  different  than  the 
actual  phase  relationships.  The  reduction  in  the 
measured  signal  strength  is  too  great  to  represent 
the  trapped  mode  power  that  was  converted  to 
chordal  modes.  Only  a small  fraction  of  the 
abundant  trapped  power  is  required  to  account  for 
all  of  the  weak  signal  power  observed  below  the 
duct  (.1%  of  the  ducted  signal). 

While  a large  number  of  modes  contribute 
significantly  to  the  signal  level  above  and  below 
the  duct,  only  the  two  lowest  order  modes 
contribute  significantly  to  the  signal  in  the  duct 
at  these  long  ranges.  The  signal  levels  of  the 
third,  fourth,  and  fifth  modes  are  down  25  dB, 

40  dB,  and  50  dB,  respectively.  This  is  because 
of  the  increased  leakage  losses  of  the  higher  order 
modes.  At  800  km  even  a low-loss  mode  with  an 
attenuation  of  0.03  dB/km  will  be  attenuated  24  dB. 
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f<9ure  20.  Comparison  of  calculated  and  measured  signal  strength  at  a function  of  ranga 
for  a 149  HMz  transmitter  just  ahove  the  duct. 


The  two  calculated  modes  have  slightly 
different  phase  velocities  resulting  in  a 360° 
relative  phase  shift  and  a maximum  in  the  signal 
strength  every  160  km.  This  can  be  seen  in 
Figure  20  where  the  measured  and  calculated  signal 
strengths  are  compared  as  a function  of  range. 

The  measured  maxima  are  offset  30  km  in  range  from 
the  calculated  maxima,  and  are  spaced  by  130  km 
instead  of  160  km.  It  is  this  offset  that  results 
in  the  difference  between  the  measured  and 
calculated  signal  levels  observed  at  the  duct 
altitude  in  the  previous  height-gain  profile.  The 
difference  in  the  locations  of  the  calculated  and 
measured  maxima  indicate  that  the  relative  phase 
of  the  actual  modes  is  somewhat  different  than  the 
calculated  phase.  This  difference  could  be  due  to 
any  one  of  three  factors:  experimental  uncertainty 
in  the  measured  range,  experimental  uncertainty  in 
the  refract ivity  model  parameters,  or  a basic 
inadequacy  of  the  refractivity  model  itself. 

The  uncertainty  in  the  measured  range  is  on 
the  order  of  30  km.  The  location  of  the  airborne 
transmitter  was  taken  to  be  exactly  over  the  ground 
transmitter.  The  instantaneous  range  from  the 
airborne  transmitter  varies  from  10  km  greater,  to 
40  km  less  than  this  nominal  range.  There  may  also 
be  comparable  errors  in  the  location  of  the 
receiving  aircraft  which  for  this  flight  was 
essentially  determined  by  dead  reckoning  techniques 
with  fixed  locations  at  Kauai  and  Nihoa. 

The  choice  of  parameters  for  the  three  segment 
refractivity  model  may  not  have  been  optimum  to 
represent  the  irregular  refractivity  conditions 
present  during  Flight  16.  The  30  km  difference  in 
the  distance  between  measured  and  calculated  maxima 
represents  only  a 2 M unit  change  in  the  average 
refractivity  of  one  of  the  modes  relative  to  the 
other. 

The  third  possible  factor  affecting  the 
locations  of  the  signal  maxima  is  that  the  three 
segment  refractivity  model  is  simply  inadequate  to 
properly  account  for  the  vertical  irregularities 
and  horizontal  inhomogeneities  encountered  in  the 
real  atmosphere. 

Thus  the  130  km  distance  between  the  measured 
maximum  signal  locations  is  felt  to  be  in  excellent 
agreement  with  the  theoretical  value  of  160  km  as 
is  the  agreement  of  their  absolute  locations  to 
within  30  km. 

5.  SUMMARY  AND  CONCLUSIONS 

Elevated  ducts  at  altitudes  above  1 km  can 
result  in  the  propagation  of  VHF  and  UHF  signals  to 
ranges  greater  than  800  km.  When  the  transmitter 
and  receiver  are  located  in  or  above  the  duct,  the 
signal  strengths  approach  normal  operating  (free 
space)  levels.  When  either  the  transmitter  or 
receiver  is  located  below  the  elevated  duct  the 
signals  are  greatly  attenuated.  Radiosonde 
measurements  can  be  used  to  identify  the  presence 
of  elevated  ducts  and  develop  ducting 
climatological  data. 

VHF  and  UHF  signal  strengths  were  measured  as 
a function  of  height  and  range  for  elevated  ducting 
conditions,  and  beacon  transmitters  were  located  on 
the  ground,  and  at  the  elevated  duct  altitude.  The 


refractivity  height  profiles  were  measured  along 
the  entire  propagation  path.  Theoretical  signal 
strength  calculations  based  on  this  refractivity 
data  were  compared  with  the  measurements. 

A direct  examination  of  the  measurements 
revealed  149  MHz  signals  near  the  free  space  level 
at  ranges  to  800  km  when  the  transmitter  was 
located  at  the  duct  altitude  and  the  receiver  was 
in  or  above  the  duct.  The  measured  449  MHz  ducted 
signal  profiles  were  found  to  closely  correspond  to 
the  measured  2200  MHz  signal  profiles.  This  may  be 
a useful  result  for  those  interested  in  developing 
simplified  duct  propagation  models. 

Comparisons  of  the  measured  signal  strengths 
with  theoretically  calculated  values  resulted  in  a 
number  of  revealing  insights  into  the  phenomena  of 
elevated  ducting.  A number  of  cases  were  observed 
which  suggest  the  presence  of  mode  conversion 
between  low-loss  trapped  modes  and  the  higher  loss 
leaky  modes.  This  is  thought  to  arise  from 
vertical  irregularities  and  horizontal 
inhomogeneities  in  the  atmospheric  refractivity. 
Calculated  interference  effects  of  the  two  lowest 
order  modes  were  found  to  be  in  agreement  with  the 
measurements,  while  the  actual  phase  relationships 
of  high  order  modes  appear  to  become  somewhat 
random  at  long  ranges  in  the  real  atmosphere. 

Kerr,  Donald  E.,  (1951)  Propagation  of  Short  Radio 
Waves,  p.  12,  Dover  Publications  Inc.,  New  York 


Pappert,  R.A.,  and  C.L.  Goodhart,  (1977)  Case 
studies  of  beyond- the- horizon  propagation  in 
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A PROPOSAL  TO  INVESTIGATE  THE  INCIDENCE  OF  ANOMALOUS 
PROPAGATION  IN  TOE  NORTH-WESTERN  ATLANTIC 

John  Clarice 

Royal  Signals  and  Radar  Establishment 
Great  Malvern,  U.K. 


Several  papers  in  this  conference  have  already 
drawn  attention  to  lack  of  knowledge  regarding 
horizontal  uniformity  in  the  atmosphere.  A 
statement  has  been  made  that  the  atmosphere 
appears  to  be  uniform  for  8 54  of  all  time;  also 
that  substantial  super-refraction  (or  ducting) 
occurs  for  204  of  the  time  in  some  parts  of  the 
world.  Therefore  the  question  of  the  extent  of 
horizontal  uniformity  in  super-refracting 
atmospheres  is  of  major  importance.  It  may  be 
noted  propagation  prediction  programs,  such  as 
IRS'S,  assume  the  same  vertical  profile  of 
refractive  index  at  all  locations. 

It  is  proposed  that  an  experimental  investigation 
be  made  in  the  maritime  environment  of  the  north- 
western Atlantic  off  the  coast  of  Scotland,  to 
indirectly  explore  horizontal  uniformity  of 
super-refracting  atmospheres.  A path  of 
operational  importance  will  be  used  as  shown  in 
Fig  1,  for  which  one  terminal  is  at  medium 
altitude  (ie  an  aircraft  equipment)  and  the  other 
is  near  to  the  surface  of  the  sea  (ie  a shipborne 
equipment  or  a coastal  defence  site).  The 
operational  equipment  at  either  terminal  might  be 
a communication  set,  jammer,  radar,  passive 
detection  ystem,  or  identification  system. 


The  experiment  will  comprise  an  SSR  site 
(secondary  surveillance  radar)  on  the  Hebrides, 
see  Fig  2,  observing  trans-Atlantic  aircraft 
traffic  over  a two  year  period.  For  the  SSR 
equipment  selected,  a path  loss  of  up  to  155  dBi 
can  be  accommodated  and  this  allows  aircraft  to 
be  tracked  beyond  the  normal  horizon  in  the 
presence  of  super-refraction.  Fig  3 shows  path 
loss  versus  range  curve  for  various  uniform 
supei^-refracting  atmospheres:  thus  by  ciorrelating 
the  occurrence  of  long  range  SSR  performance  with 
local  vertical  refractivity  soundings,  a check 
can  be  made  on  the  validity  of  assumed  horizontal 
uniformity.  The  experiment  will  also  provide 
directly  statistics  of  the  incidence  of  anomalous 
propagation  over  this  type  of  path  in  the 
maritime  environment. 

Thus,  in  summary,  a proposal  has  been  made  to 
investigate  the  incidence  and  uniformity  of 
super-refracting  atmospheres  in  the  north-western 
Atlantic.  The  results  will  be  of  particular 
interest  because  the  propagation  path  passes  over 
the  Gulf  Stream. 

© HHMSO,  London  1970 
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TRANS -HORIZON  AIR-GROUND  PATH  IN 
A REFRACTING  ATMOSPHERE 

FIG.  1 


PATH  LOSS. 
dBi 


PATH  LOSS  v RANGE  FOR  DIFFERENT  ATMOSPHERES 
FIG.  3 


EXPERIMENTAL  SEA  AREA  SHOWING 
500  NAUT  MILES  CLEAR  SEA  ARC 


REFRACTIVE  INDEX  PROFILE  EVOLUTION:  A NUMERICAL  MODEL  STUDY 

Stephen  D.  Burk 

Naval  Environmental  Prediction  Research  Facility 
Monterey,  California  93940 


ABSTRACT 

Forecasts  of  the  modified  refractive 
index  field  are  presented  in  three  case 
studies  that  use  a one-dimensional  boundary 
layer  model.  In  the  first  experiment, 
stratus  clouds  exert  a strong  influence  on 
the  development  of  an  elevated  duct,  in 
the  second  experiment,  observational  data 
from  CEWCOM-76  are  used  to  initialize  the 
model;  the  predicted  boundary  layer  behav- 
ior in  this  experiment  is  quite  realistic 
when  compared  with  detailed  observations . 

In  the  third  experiment,  a surface  duct 
disappears  near  the  time  of  fog  formation; 
however,  this  duct  dissipation  is  found  to 
have  no  direct  cause  and  effect  relation- 
ship with  the  fog  formation. 

1 . INTRODUCTION 

High  resolution  numerical  models  of 
the  marine  planetary  boundary  layer  (MPBL) 
have  the  potential  for  forecasting  the 
detailed  evolution  of  the  refractive  index 
field.  This  paper  discusses  the  capacity 
of  such  a model  to  forecast  the  time-depen- 
dent  behavior  of  the  modified  refractive 
index  field  in  two  typical  MPBL  situations 
and  in  one  overland  case.  The  model  is  a 
second-moment  turbulence  closure  model 
which  has  a complexity  of  "Level  3"  (Mellor 
and  Yamada,  1974) . 

The  model  is  one-dimensional;  the  grid 
points  may  be  thought  of  as  an  "instrumented 
tower."  Given  initial  information  on  the 
wind,  temperature,  pressure,  and  moisture 
fields,  one  solves  the  model  equations  in 
an  iterative  fashion  to  forecast  new  values 
for  these  quantities.  Hence,  one  is  fore- 
casting wind,  temperature,  pressure,  and 
humidity  at  each  level  of  the  tower.  The 
evolution  of  the  modified  refractive  index 
field  is  then  diagnostically  calculated 
from  these  forecast  fields. 

The  turbulence  closure  model  also 
forecasts  the  evolution  of  important  sta- 
tistical quantities  that  describe  the 
turbulence  field,  such  as  variances  of 
temperature  and  moisture.  By  this  approach, 
the  intensity  of  refractive  index  fluctua- 
tions caused  by  turbulence  (as  measured  by 
the  structure  parameter,  C„)  can  be  fore- 
cast (Burk,  1978) . This  paper,  however. 


presents  the  time-dependent  behavior  of 
mean  rather  than  turbulence  quantities. 
Particular  attention  is  paid  to  the  modified 
refractive  index,  M. 

We  recognize  the  danger  of  making  over- 
enthusiastic  claims  for  a one-dimensional 
model.  Grid  points  for  computing  horizontal 
gradients  are  absent;  the  time-dependent 
behavior  of  advection  and  subsidence  cannot 
be  calculated.  These  terms,  however,  can 
be  externally  specified.  That  is,  if  infor- 
mation concerning  subsidence  and  advection 
is  available  from  analyzed  charts  or  from  a 
larger-scale  model,  then  this  information 
can  be  added  to  the  prognostic  equations  of 
the  one-dimensional  model. 

2 . MODEL  EXPERIMENTS 

Rather  typical  situations  are  discussed 
in  the  two  MPBL  model  experiments  presented 
here.  The  first  experiment  (Case  A)  repre- 
sents a situation  in  which  an  initially 
cloud-free  boundary  layer  develops  into  a 
stratus-capped  boundary  layer  during  the 
period  of  the  model  forecast.  The  second 
experiment  (Case  B)  is  based  upon  data  from 
the  Cooperative  Experiment  in  West  Coast 
Oceanography  and  Meteorology  (CEWCOM-76) . 

The  behavior  of  the  MPBL  on  3 October  1976, 
as  discussed  by  Noonkester  (1978a;  1978b) , 
provides  the  focus  of  the  Case  B experiment. 
Case  C addresses  results  from  an  overland 
simulation . 

2 . 1 Case  A 

This  experiment  is  based  upon  the  work 
of  Sommer ia  (1976) , who  used  the  three- 
dimensional  Deardorff  model  to  simulate  an 
undisturbed  MPBL  situation.  The  boundary 
layer  is  well  mixed,  initially,  to  a height 
of  500  m.  Between  500  and  1425  m there  is 
a conditionally  unstable  layer  that  is 
capped  aloft  by  the  dry,  stable,  free 
atmosphere.  The  air-sea  temperature  dif- 
ference is  1 °C  and  the  surface  specific 
humidity  is  taken  at  the  saturation  value 
for  the  given  sea  surface  temperature. 
Initially,  the  boundary  layer  is  cloud-free; 
the  relative  humidity  within  the  condition- 
ally unstable  layer  is  near  95%.  A subsi- 
dence of  2 cm  s~l  is  specified  at  the  grid 
top  (2.5  km)  and  this  subsidence  decreases 
linearly  to  zero  at  the  surface.  Shown  in 
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During  the  first  three  hours  of  inte- 
gration, the  overlying  stable  region  lowers 
about  130  m due  to  the  subsidence.  The 
moisture  within  the  mixed  layer  increases 
due  to  the  upward  moisture  flux  from  the 
surface.  This  lowering  of  the  inversion 
and  moisture  increase  appear  in  Fig.  2, 
which  shows  the  evolution  of  the  potential 
temperature  and  specific  humidity  fields. 
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Time  (h) 


Fig.  2(a) 


Fig.  2.  (a)  Model-predicted  evolution  of 

the  potential  temperature  (°K)  field  in 
Case  A;  (b)  Specific  humidity  field  (gm 
kg-1) . 

Clouds  begin  to  form  two  hours  into 
the  integration  and  a well-defined  stratus 
layer  is  present  during  the  final  three 
hours  of  the  forecast.  Radiative  cooling 
at  stratus  top  creates  an  unstable  lapse 
rate  within  the  cloud  layer.  This  thermal 
instability  causes  the  turbulent  intensity 
to  increase  and  thereby  increases  the  rate 
at  which  the  stable  overlying  air  is 
entrained  into  the  MPBL.  Thus,  enhancement 
of  turbulence  by  radiative  transfer  is  a 
mechanism  by  which  a stratus-capped  boundary 
layer  can  grow  in  depth.  As  an  indication 
of  this  stratus  effect,  note  in  Fig.  2 that 
beyond  three  hours  into  the  forecast,  the 
mixed-layer  depth  increases  slightly  despite 
the  continued  presence  of  subsidence.  The 
liquid  water  content  of  these  clouds  is 
shown  in  Fig.  3.  A more  complete  discussion 
concerning  the  dynamics  of  stratus-capped 
boundary  layers  is  presented  by  Oliver  et 
al.  (1978)  . 

We  now  turn  to  the  evolution  of  the  M 
field  during  the  integration  period.  The 
sharp  moisture  gradient  near  the  surface 
(Fig.  1)  creates  a 20-m  deep  evaporation 
duct.  Above  this  su  face  duct,  the  modified 
refractive  index  has  a monotonic  increase, 
initially.  The  initial  temperature  inver- 
sion and  moisture  decrease  present  near  1.4 
km  in  Fig.  1 are  not  intense  enough  to  pro- 
duce a trapping  layer,  although  these  gra- 
dients do  create  a region  in  which  the  M 
field  is  rather  flat.  Once  the  stratus 
layer  develops,  however,  the  combination  of 
radiative  cooling  at  cloud  top  and 


Fig.  3.  Liquid  water  content  (gm  kg-^) 
showing  stratus  development  in  Case  A, 
contour  interval  0.1  gm  kg“l. 


subsidence  heating  aloft  acts  to  intensify 
the  capping  inversion  and  moisture  lapse 
across  the  inversion.  The  stratus  develop- 
ment creates  a trapping  layer  in  a short 
time.  Similarly,  this  trapping  layer 
could  be  eradicated  rather  quickly  if  the 
stratus  layer  were  to  dissipate. 

With  the  exception  of  the  evaporation 
duct,  which  is  too  thin  to  be  resolved  by 
the  depicted  contours,  the  features  of  the 
M field  are  shown  in  Fig.  4. 

2 . 2 Case  B 

Case  B examines  a MPBL  situation  simi- 
lar to  that  described  for  Case  A,  except 
that  real  data  from  CEWCOM-76  are  used. 
Noonkester  (1978a)  presents  detailed  acous- 
tic sounder  and  FM-CW  radar  data  for  3 
October  1976  taken  near  San  Diego  as  part 
of  CEWCOM-76.  Shipboard  and  radiosonde 
data  are  available  for  this  date.  Fig.  5 
in  Noonkester,  1978a,  indicates  that  the 
depth  of  the  MPBL  is  about  325  m at  1200  LT. 
The  boundary  layer  grows  to  a depth  of 
about  600  m at  1500  LT  and  then  is  sup- 
pressed to  a depth  of  about  500  m at  1800 
LT.  Noonkester  points  out  that  the  descent 
of  an  elevated  inversion  indicates  the 
presence  of  subsidence.  Radiosondes  showed 
this  elevated  inversion  descending  from  2 
km  to  830  m between  0500  and  1700  LT  on 
this  date.  This  information  was  used  to 
specify  the  magnitude  of  subsidence  for 
this  model  run . 


Time  (h) 

Fig.  4.  Evolution  of  the  modified  refrac- 
tive index  field  as  forecast  by  the  model 
in  Case  A. 

The  model  was  initialized  with  condi- 
tions representative  of  1200  LT.  The 
inversion  initially  present  near  325  m 
rises  to  about  575  m at  1800  LT , in  reason- 
able agreement  with  the  CEWCOM  data.  How- 
ever, there  is  no  indication,  as  there  was 
in  the  CEWCOM  data,  of  suppression  of  the 
boundary  layer  depth  between  1500  and  1800 
LT.  Perhaps  this  disagreement  results  from 
lack  of  detailed  information  concerning  the 
time-dependent  behavior  of  the  subsidence. 
The  growth  of  the  boundary  layer  is  appar- 
ent in  Fig.  5,  which  shows  the  potential 
temperature  and  specific  humidity  fields. 

The  model-predicted  boundary  layer  levels 
off  beyond  1800  LT  (not  shown)  at  about 
600  m. 

Case  B develops  only  a very  thin 
stratus  layer  that  has  an  insignificant 
liquid  water  content.  The  inversion  does 
strengthen  somewhat  during  the  period  of 
the  forecast.  This  strengthening,  as  illus- 
trated in  Fig.  5,  results  from  the  subsidence 
aloft  and  the  turbulent  mixing  at  low  levels. 
If  the  stratus  layer  had  developed  more 
fully,  then  a significant  elevated  duct  very 
likely  would  also  have  developed.  Instead, 
the  M field  has  only  a weak  trapping  layer 
near  the  inversion.  As  in  Case  A,  there  is 
a surface  duct  in  this  experiment.  Fig.  6 
shows  the  behavior  of  the  M field  in  Case  B. 
The  evaporation  duct,  as  in  Case  A,  is  not 
resolved  by  the  contours. 
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Fig.  5.  (a)  Model-calculated  evolution  of 

potential  temperature  (°K)  field  in  Case 
B;  (b)  Specific  humidity  field  (gm  kg-1) 

2.3  Case  C 

Case  C is  a simulation  of  the  diurnal 
PBL  behavior  over  land.  Some  aspects  of 
this  numerical  experiment  are  presented  in 


Fig  6.  Evolution  of  the  modified  refrac- 
tive index  field  as  forecast  by  the  model 
in  Case  B. 


Burk  (1977) . An  Ekman-type  wind  profile 
and  stable  boundary  layer  are  present 
initially  as  shown  in  Fig.  7.  The  surface 
temperature  is  specified  to  undergo  the 
diurnal  wave  shown  in  Fig.  8.  The  surface 
specific  humidity  undergoes  a similar  wave 
as  a simulation  of  evapotranspiration 
effects . 


TEMPERATURE  (*C) 

Fig.  7.  Initial  wind  and  virtual  potential 
temperature  profiles  used  in  Case  C. 


conducive  to  dissipation  of  the  surface 
duct.  To  explain  this  last  statement  more 
fully,  the  sequence  of  events  should  be 
outlined . 


During  the  day,  the  near  surface 
specific  humidity  decreases  due  to  entrain- 
ment of  dry  air  from  aloft.  As  evening 
approaches,  a substantial  moisture  lapse 
exists  near  the  wet  surface.  This  moisture 
lapse,  in  conjunction  with  the  development 
of  the  nocturnal  temperature  inversion  at 
the  surface,  creates  a surface  duct.  As 
the  evening  progresses,  the  air  adjacent 
to  the  surface  moistens.  There  is  little 
downward  entrainment  of  dry  air  from  aloft 
because  the  turbulence  is  weak.  Fog  forma- 
tion occurs  when  the  near  surface  air  has 
cooled  and  moistened  to  the  dew  point. 
Concurrently,  the  moistening  of  this  layer 
adjacent  to  the  surface  acts  to  decrease 
the  moisture  lapse  and,  therefore,  to 
reduce  the  likelihood  of  a surface  duct. 


g.  8.  Specified  diurnal  variation  of 
surface  temperature  and  surface  specific 
humidity  used  in  Case  C. 


No  clouds  develop  in  this  case.  A 
nocturnal  inversion  about  500  m deep  devel- 
ops, while  during  the  day  the  large  convec- 
tive activity  associated  with  the  surface 
heating  causes  the  PBL  depth  to  increase  to 
about  1.7  km  (Figs.  3 and  4 in  Burk,  1977). 
This  lifting  of  the  inversion  during  the 
day  manifests  itself  in  the  M field.  The 
"wrinkle"  in  the  contours  in  Fig.  9 locates 
the  position  of  the  rising  inversion.  It 
is  evident,  however,  that  no  trapping  is 
present  in  this  case  even  though  the  con- 
tours do  tend  to  fold  back  near  the  inver- 
sion . 


CONCLUDING  REMARKS 


This  paper  addresses  several  typical 
MPBL  cases  and  o^e  overland  experiment. 
The  behavior  of  the  M field  at  altitudes 
near  the  inversion  has  been  particularly 
emphasized.  If  desired,  however,  surface 
duct  behavior  could  easily  be  emphasized 
by  expanding  the  grid  display  near  the 
surface . 


Second-moment  turbulence  closure 
models  are  complex  numerically.  One  solves 
not  only  time-dependent  equations  for  the 
mean  quantities,  but  also  solves  equations 
for  the  ensemble-averaged  turbulence  vari- 
ables. However,  when  restricted  to  one 
dimension,  numerical  computations  with  such 
closure  models  run  quite  quickly  and  effi- 
ciently . 


A multi-dimensional  model  can  deal 
more  realistically  with  the  three-dimen- 
sional nature  of  the  atmosphere  than  can  a 
one-dimensional  model.  In  the  operational 
marine  environment,  however,  one  rarely  has 
the  detailed  three-dimensional  data  neces- 
sary to  specify  initial  and  boundary  condi- 
tions for  a multi-dimensional  MPBL  model. 
Typically,  only  isolated  soundings  are 
available  in  conjunction  with  bulk  air-sea 
data.  This  type  of  limited  information  is 
compatible  with  the  initialization  and 
boundary  condition  requirements  of  a one- 
dimensional model . 


TIME! HI 

g.  9.  Evolution  of  the  modified  refrac- 
tive index  field  as  forecast  by  the  model 
over  a two-day  period  in  Case  C. 


This  experiment  recently  was  repeated 
with  a slight  modification.  In  the  modi- 
fied version,  the  specified  surface  specif- 
ic humidity  is  increased.  This  humidity 
increase  leads  to  development  of  a noctur- 
nal ground  fog.  Such  nocturnal  "radiation" 
fogs  are  relatively  common  over  wet  agri- 
cultural fields.  Interestingly,  a surface 
duct  develops  early  in  the  evening  in  this 
numerical  experiment  and  dissipates  when 
the  fog  forms  later  in  the  evening.  Battan 
(1973,  p.  26)  notes  that  disappearance  of 
surface  ducts  is  quite  common  when  fog 
forms.  In  this  experiment,  however,  no 
direct  cause  and  effect  relationship 
exists  between  the  fog  and  the  surface  duct 
dissipation.  Rather,  the  conditions  con- 
ducive to  fog  development  are  also 


Although  the  model  results  presented 
here  are  encouraging,  furthei  detailed 
comparisons  with  atmospheric  data  are 
needed.  For  such  model  testing,  research 
experiments  such  as  CEWCOM  offer  a very 
useful  data  base.  A model  must  be  verified 
by  an  abundance  of  detailed  atmospheric 
observations  before  the  model  can  be  confi- 
dently applied  to  a data  sparse  environment 
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ABSTRACT 

This  report  outlines  a procedure  for 
generating  a probabilistic  climatology  of 
the  effect  of  the  presence  of  an  evapora- 
tion duct  on  radar  range.  Examples  of  the 
probability  of  range  enhancement  (success) 
are  presented  as  a demonstration  of  the 
utility  of  such  a climatology  for  short 
term  forecasting. 

1.  INTRODUCTION 

Climatologies  of  atmospheric  events 
have  generally  been  required  as  inputs  into 
the  process  of  long  term  strategic  planning. 
Climatologies  for  such  purposes  are  usually 
limited  to  monthly  or  seasonal  histograms, 
some  measures  of  central  tendency,  and  some 
measures  of  dispersion.  Measures  of  cen- 
tral tendency  might  include  the  algebraic 
mean  (average),  the  median  (50%  value),  or 
the  mode  (the  roost  typical  value).  Mea- 
sures of  dispersion  might  include  the 
variance,  the  interquartile  range,  or  the 
interdecile  range.  Such  climatologies  have 
little  use  for  short  term  (day-to-day, 
hour-to-hour)  decision  making. 

It  is  possible  to  compile  climatolo- 
gies which  do  provide  input  into  the  short 
term  decision  making  process.  Such  clima- 
tologies are  probabilistic  (stochastic)  in 
nature  and  address  the  behavior  of  the 
atmospheric  event  under  consideration  as  a 
function  of  time.  In  this  type  of  compila- 
tion the  probability  of  persistence  or 
change  of  the  evert  under  consideration  is 
determined.  Such  probabilities  are  condi- 
tional in  nature,  i.e.,  given  the  state  of 
an  event  at  the  present  time,  the  future 
state  may  be  predicted  in  a probabilistic 
fashion.  In  contrast  to  the  classical 
approach,  the  stochastic  approach  has  fore- 
casting utility  as  well  as  utility  for  long 
term  planning. 

The  purpose  of  this  presentation  is 
to  demonstrate  the  type  of  operationally 
significant  information  provided  by  a sto- 
chastic analysis  of  historical  data.  The 
demonstration  takes  the  form  of  a probabi- 
listic analysis  of  the  influence  of  the 
strength  of  evaporation  ducts  on  the  range 
of  radar  systems. 


The  presentation  is  organized  in  a 
developmental  fashion.  Section  2 discusses 
the  nature  of  evaporation  ducts,  the  deter- 
mination of  duct  intensity,  and  the  effect 
of  duct  intensity  on  range.  Section  3 
defines  the  analysis  procedure  and  events 
studied,  and  describes  the  data  analyzed. 
Section  4 describes  the  analysis  results 
in  terms  of  estimates  of  unconditional  and 
conditional  probabilities,  and  describes 
models  derived  from  the  analysis.  Sections 
5 and  6 summarize  the  presentation  and 
offer  recommendations  for  further  study, 
respecti vely . 

2.  THE  EVAPORATION  DUCT 

In  maritime  regions,  there  is  almost 
continual  evaporation  of  water  from  the 
ocean  surface.  This  evaporation  generates 
a rather  steep  moisture  gradient  in  the 
lower  few  tens  of  meters  of  the  atmosphere. 
This  moisture  gradient  leads  to  ducting  of 
microwave  propagation  which,  in  turn, 
leads  to  extended  radar  ranges.  The  inten- 
sity of  the  duct  is  dependent  on  the  mois- 
ture gradient. 

Jeske  (1971)  derived  a relationship 
for  assessing  duct  intensity  as  a function 
of  readily  observable  environmental  param- 
eters. Hitney  (1975)  subsequently  modified 
and  improved  this  relationship.  The  rela- 
tionship is 

f(Ta,  Ts,  T d , U)  . 

where  6 is  duct  intensity;  Ta  is  air  tem- 
perature; Ts  is  sea  surface  temperature; 

T(j  is  dew  point  temperature;  and  U is  wind 
speed.  This  relationship  is  based  on  bulk 
parameters  and  stability  considerations. 
Details  of  the  computational  procedure  are 
found  in  Hitney  (1975). 

Hitney  (1978)  has  shown  that  the  exis- 
tence of  an  evaporation  duct  can  influence 
the  range  of  a radar  system  in  one  of  two 
ways.  The  range  is  either  enhanced  or  not 
enhanced  (even  inhibited)  depending  on  the 
intensity  of  the  duct  and  the  type  of  radar 
system.  Each  radar  system  has  its  own 
critical  duct  intensity.  If  actual  inten- 
sity exceeds  this  critical  value,  the  range 
of  the  system  is  enhanced.  If  actual 
intensity  is  less  than  or  equal  to  the 
system  critical  intensity,  radar  range  will 
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not  be  enhanced  and  may  even  be  inhibited. 
Hereafter,  enhancement  will  be  referred  to 
as  "success";  and  nonenhancement  will  be 
referred  to  as  a “failure." 

3.  ANALYSIS  AND  DATA 

The  analysis  procedure  followed  in 
this  study  is  similar  to  that  used  by 
Grantham  and  Lund  (1977)  in  a study  of  the 
persistence  and  recurrence  of  cloud  cover 
categories.  The  term  persistence  (Ex)  is 
defined  as  having  the  event  (success,  S; 
or  failure,  F;  as  defined  in  Section  2) 
occur  at  x consecutive  observations.  x 
may  take  on  any  value  from  1 through  12. 
Thus  S3  indicates  the  occurrence  of  success 
conditions  at  3 consecutive  (contiguous) 
observations,  3 hours  apart,  i.e.,  SSS. 

F4 , in  the  same  fashion,  indicated  the 
occurrence  of  failure  conditions  at  4 con- 
secutive observations.  The  term  recurrence 
is  defined  as  the  event  where  a success  (or 
failure)  condition  exists  now  and  also  L 
hours  from  now.  S()Sl  symbolically  indi- 
cates the  existence  of  a success  condition 
now  and  also  L hours  from  now.  FoF|_  indi- 
cates a similar  event  for  failure  condi- 
tions . 

The  actual  analysis  determined  fre- 
quencies of  success  or  failure  for  each  set 
of  x consecutive  observations  where  x took 
on  the  values  1 through  12.  That  is,  each 
individual  observation  was  classified  as  a 
success  or  a failure  and  frequencies  were 
established.  Next,  each  pair  of  (consecu- 
tive - contiguous)  observations  were 
examined  and  frequencies  of  2 successes  or 
2 failures  were  established.  This  proce- 
dure was  continued  until  all  possible  sets 
of  12  contiguous  observations  were  examined 
and  frequencies  were  established  for  S 1 2 
and  Fj2_  At  the  same  time,  frequencies 
were  established  for  the  recurrent  events 
EoE|_  where  E could  take  on  the  value  S or  F 
and  L varied  from  3 to  33  hours. 

The  frequencies  thus  determined  were 
used  to  estimate  the  probabilities  for  the 
occurrence  of  particular  events.  For 
example,  the  probability  of  the  occurrence 
of  3 consecutive  observations  of  success 
conditions  is  estimated  by 

fys3)  - , (1) 

where  0(83)  is  the  number  of  events  of  3 
consecutive  observations  that  showed  all 
successes;  and  N3  is  the  total  number  of 
consecutive  triplets.  Similarly  the  proba- 
bility of  the  occurrence  of  4 consecutive 
observations  of  failure  conditions  is  esti- 
mated by 

V4)  - . (2) 

It  should  be  noted  here  that  /P‘(  F4 ) + ^(  S4 ) 
f 1.  This  situation  holds  because  the 
events  F4  and  S4  are  not  exhaustive.  Other 
situations  such  as  FSFS  are  possible.  In 
general  the  estimate  of  the  probability  of 
an  event  of  interest  is  given  by 


PUx)  ' ^ . 

where  the  symbols  have  a meaning  similar 
to  those  used  in  the  foregoing  examples. 
Frequencies  of  recurrence  were  derived  in 
a similar  fashion  and  used  to  estimate 
probabilities.  The  probability  for  a 
recurrent  event  is  given  by 

P(E0EL)  ■ ) . (4) 

where  L is  the  number  of  hours  from  the 
current  time. 

The  data  analyzed  in  this  study  con- 
sisted of  surface  observations  taken  at 
ocean  weather  station  ECHO  ( 35N , 48W)  for 
five  years  1951-55.  The  sampling  density 
was  three  hourly  observations.  The  analy- 
sis was  applied  to  each  month  of  the  year. 

4.  ANALYSIS  RESULTS 

4 . 1 Persi stence 

The  basic  results  of  the  analysis  con- 
sist of  estimates  of  the  unconditional 
probabilities  for  persi stent  events.  The 
probability  of  having  a success  condition 
at  any  observation  chosen  randomly  is  -.66. 
Probabilities  of  success  for  longer 
sequence  observations  decay  in  an  exponen- 
tial manner.  The  longest  sequence  analyzed 
was  one  of  12  observations  for  which  the 
probability  was  found  to  be  -.18. 

A negative  exponential  model  (function) 
was  derived  for  these  probability  values. 
This  model  fits  the  analysis  (observed) 
values  very  closely  and  is  given  by 

P(SX)  - P(Si)  exp  (-a(x-l)b)  (5) 

where  P(SX)  is  the  probability  of  having 
the  success  condition  for  a sequence  of  x 
observations.  x may  take  on  any  integer 
value  from  1 to  12.  P(Si)  is  the  probabil- 
ity that  any  randomly  selected  single 
observation  shows  the  success  condition. 

The  value  for  this  probability  is  0.6578. 

The  parameters  'a'  and  * b ' vary  for  dif- 
ferent months.  For  January  for  the  success 
condition,  'a'  and  ' b ' take  on  the  values 
0.1368  and  0.9210  respectively.  The  param- 
eter 'a'  is  largely  a function  of  the  cli- 
matic frequency  of  the  event  in  question, 
while  the  parameter  ' b 1 is  a function  of 
the  decay  rate  for  the  probability  of 
longer  sequences. 

The  goodness  of  fit  of  the  model  to 
the  observed  unconditional  probabilities 
was  examined  by  determining  the  upper  and 
lower  bounds  of  the  95*  confidence  limits 
for  each  observed  probability.  This  inter- 
val is  the  region  within  which  probabili- 
ties determined  from  different  samples  of 
the  same  population  can  be  expected  to  lie 
95%  of  the  time.  If  a model  value  lies 
between  these  limits,  that  value  is  accept- 
able as  a representati ve  estimate  of  the 
underlying  population.  Fig.  1 Illustrates 
the  analyzed  unconditional  probability 
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Fig  1.  Unconditional  probability  P(SX) 

( Sucaeas -January ) . The  points  marked 
with  o's  represent  analysis  outputs.  The 
x's  indicate  model  values.  The  short 
horizontal  lines  indicate  the  upper  and 
lower  bounds  of  the  96%  confidence  inter- 
va  l . 


structure  and  also  the  values  produced  by 
the  model. 


for  values  of  x * 2,. ..,11.  The  probabili- 
ties change  very  little  as  x takes  on 
larger  values.  For  x * 2,  the  probability 
is  -.87  and  for  x * 11,  the  probability  is 
-.89.  The  highest  probability  is  .905  and 
is  found  at  x * 9.  These  values  show  sig- 
nificant contrast  with  the  unconditional 
probability  that  a given  observation  shows 
a success  condition. 

These  conditional  probabilities  can  be 
expressed  in  terms  of  the  model  established 
for  the  unconditional  probabilities.  The 
result  is  given  by 

P ( S i | S x ) * exp  (a [ ( x- 1 )b  - xb]>  . (8) 

This  result  was  obtained  by  substituting 
the  appropriate  unconditional  model  expres- 
sions for  the  factors  on  the  right  side  of 
of  Eq.  (7).  The  parameters  'a'  and  ' b ' 
have  the  values  indicated  above.  As  before, 
the  model  very  closely  approximates  the 
values  derived  from  the  unconditional  prob- 
abilities. All  values  lie  well  within  the 
95%  confidence  interval.  Fig.  2 illustrates 
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a = .1368 
b = .9210 
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Conditional  probabilities  can  be 
derived  by  application  of  the  calculus  of 
probability  to  the  unconditional  probabili- 
ties just  described.  Conditional  probabil- 
ities take  the  form 

P(A|B)  * , (6) 

i.e.,  the  probability  that  event  A will 
occur,  given  that  event  B has  occurred. 

This  probability  is  determined  by  dividing 
the  joint  unconditional  probability  of  A 
and  B by  the  unconditional  probability  of  B 
For  example,  the  probability  of  a success 
occurring  at  the  next  observation  given 
that  x successes  have  been  experienced  up 
to  now  is  given  by 

p(Sl  I sx)  * • (7) 

Probabilities  of  this  type  were  calculated 
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Fig.  2.  Conditional  probability  P(S]\sx) 

( Success- January ) . The  points  marked  with 
o's  represent  analysis  outputs.  The  x's 
indicate  model  values.  The  short  hori- 
zontal lines  indicate  the  upper  and  lower 
bounds  of  the  96 X confidence  interval. 


the  derived  probabilities  as  a function  of 
sequence  size,  the  model  values,  and  the 
confidence  limits. 

In  addition  to  the  conditional  prob- 
abilities just  discussed,  probabilities  of 
the  form  P ( S x I S -j ) were  also  derived  (from 
the  unconditional  data).  P ( S x | S i ) signi- 
fies the  probability  that  a sequence  of  x 
successes  will  occur  given  that  a success 
condition  exists  at  the  present.  These 
probabilities  are  determined  by 

P(sx|Sl)  = • (9) 

As  with  the  unconditional  values,  these 
probabilities  decay  as  a negative  exponen- 
tial, but  they  have  rather  higher  values 
(e.g.,  P ( S 2 1 Si ) : .77  while  P(S2)  = .575). 
The  rate  of  decay  is  about  50%  steeper  than 
that  for  unconditionals.  Thus,  again, 
information  relevant  to  the  present  or 
recent  past  more  clearly  defines  the  prob- 
ability of  the  event  in  the  near  future. 

Again,  the  basic  model  was  applied  to 
approximate  the  derived  probabilities. 

This  was  accomplished  by  substituting  model 
expressions  for  the  factors  on  the  right 
hand  side  of  Eq.  (9).  The  result  of  this 
substitution  is 

P ( S x | S i ) * exp  {-axbl  . (10) 


where  a and  b have  the  same  values  as  pre- 
viously shown.  All  model  values  fall  within 
the  confidence  intervals,  thus  making  an 
acceptable  fit  to  the  derived  data.  The 
largest  difference  is  found  at  x * 3.  This 
difference  is  approximately  two  percentage 
points  on  the  low  side.  The  discussion  of 
P ( S x I S l ) is  graphically  illustrated  by  Fig. 
3. 

A general  expression  for  unconditional 
probabilities  is  given  by 


p<s*lsy>  * '-fet1 


This  indicates  the  probability  that  a 
sequence  of  x consecutive  successes  will 
occur,  given  that  a sequence  of  y successes 
has  already  occurred.  Such  probabilities 
can  be  modeled  by  substituting  appropriate 
unconditional  model  expressions  (Eq.  (5)) 
for  the  factors  on  the  right  side  of  Eq. 
(11).  This  substitution  gives 

O / C , 1 --r.  / , / - Aw  1 \ b , 


- P(S1 


P ( S x I Sy  ) = jrj 
which  reduces  to 


{-a  x+y- 1 
T-7fy-l)b' 


, (12) 


P(SX| Sy)  - exp  ( a [ ( y - 1 )b  - (x+y-l)b>  , (13) 

where  a and  b have  values  previously  shown, 
and  x and  y may  take  any  positive  integer 
va 1 ues . 

4 . 2 Recurrence 

A recurrent  event  is  defined  as  the 
event  in  which  a condition  exists  both  now 
and  and  also  L hours  from  now  with  no  con- 
sideration of  the  intervening  time. 
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Fiy.  3.  Conditional  probability  Pf5x|Sj7 
< Success-January ) . The  points  marked  with 
o’s  represent  analysis  outputs.  The  x's 
indicate  model  values.  The  short  hori- 
zontal lines  indicate  the  upper  and  lower 
bounds  of  the  9 St  confidence  interval . 

Estimates  of  the  conditional  probabilities 
P(Sl I S0)  were  produced  by  the  basic  analy- 
sis. The  probability  P ( S 3 | S0 ) is  -.87  and 
that  for  P(S33|So)  is  -.69.  In  general 
there  is,  again,  an  exponential -1  ike  decay 
with  increasing  time  and  the  decay  becomes 
assymtotic  to  the  value  of  P ( S 7 ) , the  basic 
climatological  frequency.  The  decay  curve, 
however,  is  not  as  regular  as  that  shown 
for  the  events  discussed  in  Para.  4.1. 

There  is  the  hint  of  some  cyclic  periodi- 
city where  l * 21  and  30  hr.  This  irregu- 
larity might  be  indicative  of  some  kind  of 
diurnal  effect  or  it  might  be  a result  of 
data  sampling  chance  effects.  Grantham 
and  Lund  (1977)  did  observe  periodicities 
in  the  probability  of  the  recurrence  of 
cloud  cover  with  land  observations.  One 
would  not  expect  to  find  significant  diur- 
nal variations  in  the  maritime  atmosphere. 

In  modelling  the  recurrence  probabilities, 
no  effort  was  made  to  fit  the  possible 
periodicity. 
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The  model  form  used  was  agai  i an  expo- 
nential form.  This  was  different  in  that 
it  consisted  of  two  terms  in  order  that  the 
function  values  assymtotical ly  approach  the 
basic  climatic  value.  The  functional  form 
for  the  model  is 

P(SL|S0)  * P(S)  + P ( F ) exp  {-aLb}  , (14) 

where  a and  b have  the  values  .2176  and 
.6964  respectively.  P ( S ) , the  climatic 
probability,  is  .6578  and  P(F)  * l-P(S). 

All  model  values  fell  within  the  95%  confi- 
dence interval  for  the  derived  probabili- 
ties. While  the  fit  here  is  not  quite  as 
good  as  in  those  models  previously  dis- 
cussed, this  model  does  give  acceptable 
probability  values.  The  largest  difference 
occurs  at  L * 24  hr  and  is  approximately 
1 1/2  percentage  points.  This  discussion 
of  recurrence  probabilities  is  illustrated 
in  Fig.  4 . 

In  order  to  attempt  modelling  the  pos- 
sible periodicity,  it  would  be  necessary  to 
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conduct  an  analysis  stratified  by  time  of 
day.  Grantham  and  Lund  (1977)  conducted 
such  an  analysis  and  were  able  to  fit  the 
periodicity  for  cloud  cover  quite  well. 
Before  this  can  be  done  for  evaporation 
ducts,  the  reality  of  the  periodicity  must 
be  confirmed. 

5.  SUMMARY  AND  CONCLUSIONS 

It  has  been  demonstrated  that  it  is 
possible  to  develop  a probabilistic  clima- 
tology that  has  a forecasting  utility. 

Even  though  the  basic  data  consists  of 
observations  that  are  separated  by  3 hr, 
it  seems  possible  to  interpolate  probabil- 
ity between  observation  times.  This  is  so 
because  of  the  very  high  degree  of  persis- 
tence for  both  the  "success"  and  "failure" 
conditions. 

The  information  derived  from  this 
study  proved  to  be  amenable  to  curve 
fitting.  Such  models  have  a number  of 
advantages.  They  are  quite  economical  in 
that  they  obviate  the  need  for  the  storage 
of  large  arrays  of  numbers  (e.g.,  a clima- 
tology of  this  nature,  for  all  ocean 
weather  stations  in  the  North  Atlantic,  can 
be  stored  in  a single  solid-state  module 
of  a hand  calculator).  The  'a'  and  ' b ‘ 
parameters  make  it  rather  easy  to  compare 
the  probability  structure  at  different 
stations,  or  at  the  same  station  for  dif- 
ferent months  of  the  year. 

The  approach  used  here  is  not  limited 
to  studies  of  evaporation  duct  behavior. 
This  approach  may  be  applied  to  any  envi- 
ronmental parameter  or  phenomenon  which  can 
be  characterized  as  a binary  (go  or  no-go) 
variable  with  regard  to  some  particular 
weather-dependent  operation. 

Finally,  the  analysis  method  described 
above  has  been  applied  to  each  month  of  the 
year  for  both  success  and  failure  condi- 
tions. The  models  for  the  failure  condi- 
tion take  the  same  form  as  for  the  success 
condition.  However,  the  a and  b parameters 
take  different  values. 


6.  RECOMMENDATIONS 


PIS,  | Sol  = P|S|  + P|F|  EXP  {-aLb} 

P|S)  = .6578;  P|F|  = 1 • P|S| 
a = .2176;  b = .6964 
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Fig.  4.  Recurrence  probability  P(Si\Sa) 

( Succee e-January ) . The  points  marked  with 
o’e  represent  analysis  outputs.  The  x's 
indicate  model  values.  The  short  hori- 
zontal lines  indicate  the  upper  and  lower 
bounds  of  the  96 t confidence  interval. 


There  are  a number  of  tasks  to  be  done 
in  order  to  complete  the  stochastic  clima- 
tology. First,  the  models  derived  must  be 
tested  and  verified  on  an  independent  data 
sample.  Next,  the  analysis  must  be  applied 
to  all  ocean  weather  stations  ( OWS ) . Then, 
a comparative  analysis  of  all  OWS,  each  one 
against  the  others,  will  be  required.  To 
make  the  climatologies  more  useful  as  a 
forecasting  aid,  it  will  be  necessary  to 
condition  the  success  and  failure  condi- 
tions on  such  basic  data  as  temperature. 
Finally  it  will  be  necessary  to  define 
probability  distribution  that  accounts  for 
all  combinations  of  success  or  failure  in 
a given  sequence  x hours  long. 
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ASSESSMENT  OF  MICROWAVE  PROPAGATION  IN  THE 
LOWER  TROPOSPHERE  FROM  LARGE  SCALE  MODEL  OUTPUT 

Wayne  Sweet 

Naval  Environmental  Prediction  Research  Facility 
Monterey,  California  93940 


1.  INTRODUCTION 

Anomalous  microwave  propagation  is 
not  currently  assessed  or  forecasted 
routinely  because  the  necessary  radiosonde 
data  are  not  available  for  most  ocean 
regions.  Such  assessment  and  forecasting 
will  become  a reality,  however,  when  valid 
methods  are  developed  to  acquire  the  neces- 
sary input  data  from  large  scale  numerical 
models.  One  such  procedure,  developed  by 
G jessing  and  Moene  (1967)  , has  been  found 
to  yield  good  results  in  determining 
whether  the  region  from  the  surface  to  the 
850  mb  level  is  characterized  by  anomalous 
or  normal  propagation. 

The  G jessing  and  Moene  procedure  uses 
an  850  mb  parameter  to  forecast  anomalous 
propagation  over  oceanic  regions.  The 
parameter  is  an  indication  of  dry  air  aloft 
(at  the  850  mb  level)  over  a moist  marine 
layer.  This  combination  of  dry  air  over 
moist  air  typically  leads  to  strong  ver- 
tical gradients  in  water  vapor,  hence 
anomalous  propagation. 

The  procedure  was  developed  using 
received  signal  intensity  data  to  classify 
days  as  being  characterized  by  either 
normal  or  anomalous  propagation.  These 
classified  days  were  then  compared  to  the 
assessed  classification  based  on  the 
850  mb  parameter.  Both  an  L-band  radar 
and  a 1 GHz  radio  band  were  used  to  examine 
the  correlation  between  received  signal 
intensity  and  the  850  mb  parameter. 

2.  REVIEW  OF  GJESSING  AND  MOENE  (1967) 

PROCEDURE 

Gjessing  and  Moene  related  a parameter 
determined  from  850  mb  data,  referred  to 
here  as  AN,  to  microwave  propagation  in  the 
lower  troposphere.  They  measured  signal 
intensity  at  the  ground  level  by  posi- 
tioning remote  signal  recorders  beyond  the 
normal  radar  horizon.  The  signal  intensity 
recordings  were  used  to  classify  days  as 
exhibiting  either  normal  or  anomalous 
propagation.  These  event  days  were  then 
related  to  the  AN  parameter,  defined  as 

AN  = Nw(Ta)  - Nw(Td) , 


where 

Nw (T)  = Be(T)/T2 

Ta  = air  temperature 

Td  = dew  point 

B = 3.8  x 10 5 and 

e = water  vapor  pressure. 

These  points  are  illustrated  in  Fig.  1. 


Fig.  1.  Gjessing  and  Moene  (1967)  related 
AN  to  received  signal  intensity.  The 
definition  of  AN  uses  the  wet  term  of  the 
N equation  which  relates  AN  to  the  dry- 
ness of  the  air  at  850  mb.  A signal 
receiver  was  placed  beyond  the  normal 
radar  horizon  and  was  used  to  classify 
days  as  normal  or  anomalous  propagation. 
The  value  of  AN  was  then  correlated  to 
the  classification  of  propagation. 

The  value  of  AN  is  linearly  related  to 
vapor  pressure  depression 

Ae  = e(T)  - e (Td)  . 

Therefore  AN  is  simply  a measure  of  the 
dryness  of  the  air  at  850  mb.  Dry  air  at 
850  mb  over  oceanic  regions  implies  a 
strong  marine  inversion  and  an  accompanying 
anomalous  propagation. 
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The  results  of  the  L-band  radar  data 
analysis  are  presented  in  the  form  of  a 
contingency  table  in  Fig.  2.  The  columns 
are  observed  days,  classified  as  either 
anomalous  propagation  (AP)  or  normal . The 
rows  are  the  assessed  (calculated)  classi- 
fications which  use  AN  15  to  indicate  AP 
and  AN  < 15  as  indicating  normal  propaga- 
tion. Fig.  2 shows  that  of  the  134  days 
assessed  as  AP,  118  were  observed  to  be 
so.  The  diagonals  are  the  correctly 
assessed  days:  the  of f-diagonals  are  the 
incorrect  assessments.  The  total  ratio 
correctly  assessed  is  simply  the  sum  of 
the  diagonals  divided  by  the  total  (443)  . 


OBSERVED 


ANOMALOUS 

PROPAGATION 

NORMAL 

TOTAL 

ANOMALOUS 

PROPAGATION 

118 

16 

134 

NORMAL 

24 

285 

309 

TOTAL 

143 

301 

443 

Heidke  Skill  Score 

S =TT=-79 


PERCENTAGE  CORRECT  91% 

Fig.  2.  Results  of  Gjessing  and  Moene 
L-band  radar  data  showing  high  skill 
score.  The  columns  are  the  observed  days 
classified  as  normal  or  anomalous  propa- 
gation. The  rows  are  the  classification 
of  those  days  based  on  the  AN  value.  The 
diagonal  elements  are  the  correct  number 
of  days  assessed  from  the  .\N  parameter; 
the  percentage  correct  is  a relatively 
high  value  of  91%. 


The  Heidke  skill  score  (Panofsky  and 
Brier,  1958)  was  used  to  compare  the  proce- 
dure to  a standard.  The  expression  for  the 
skill  score  involves  a quantity  C,  which 
is  the  sum  of  the  expected  values  of  the 
diagonal  elements.  This  sum  has  tradi- 
tionally been  determined  by  taking  the 
marginal  distributions  to  compute  the 
probability  of  an  event  being  on  the 
diagonal.  For  example,  the  expected  value, 
based  on  chance,  for  the  L-band  radar  data 
is  simply  the  probability  of  an  event  being 
assessed  as  AP  and  observed  as  AP , plus  the 
probability  of  the  event  being  assessed  and 
observed  as  normal , times  the  total  number 
of  events.  To  demonstrate,  the  table 
derived  from  Fig.  2 would  appear  as: 


Calculated 

Ob 

AP 

served 

N 

Total 

AP 

all 

a12 

134 

N 

a21 

a22 

309 

Total 

14  3 

301 

44  3 

Then  if  the  a^j 's  are  the  expected 
values  based  on  theobserved  and  assessed 
distributions , 


C = 


all  + 

= I134) 

(44T 

= 253.2 


22 

(ill) 

l443J 


+ ( 


309 

473' 


,301 

(443) 


443 


Thus 


S = 


403-253 

443-253 


.79 


Notice  that  since  the  observed  dis- 
tribution is  used  in  the  computation  of  C, 
climatology  enters  into  the  chance  skill 
score.  Therefore,  it  is  not  surprising 
that  computation  of  the  climatological 
skill  score  relative  to  chance  shows  vir- 
tually zero  skill.  In  a real  sense  then, 
at  least  for  a dichotomous  variable,  skill 
relative  to  chance  also  implies  relative 
to  climatology. 


The  range  of  the  skill  score  is  -1  to 
+1;  zero  implying  no  skill,  -1  meaning 
perfect  negative  skill.  To  get  a feeling 
for  how  good  a skill  score  of  .79  is,  com- 
pare the  score  to  scores  of  normal  weather 
forecasts  of  precipitation  which  fall  in 
the  0.5  to  0.6  range  (Pierce,  1976). 

3.  STUDY  OBJECTIVE 

The  apparent  skill  of  the  Gjessing 
and  Moene  procedure  encourages  examination 
to  determine 


a.  the  skill  of  the  procedure  in 
another  ocean  region; 

b.  independently,  the  critical  value 
of  AN ; and 

c.  if  the  procedure  has  better  skill 
in  some  limited  region  in  the  vertical. 

It  was  decided  to  evaluate  the  proce- 
dure in  a region  noted  for  frequent  AP  and 
from  which  good  radiosonde  data  were  avail- 
able. Such  a region  was  found  in  the 
Eastern  Pacific  off  the  west  coast  of  the 
United  States;  here,  radar  picket  ships  had 
been  on  station  for  about  six  years  and  had 
launched  radiosondes  twice  daily.  More 
than  1,500  soundings  were  analyzed  to  cover 
a region  bounded  by  34°N,  40°N,  127°W,  and 
135°W . 
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ANALYSIS 

Ideally,  received  signal  data  should 


be  correlated  to  the  An  at  850  mb;  however, 
this  requires  extensive  field  measurements 
and  years  of  effort.  It  was  decided  to 
evaluate  the  refractive  structure  using 
radiosonde  data,  and  using  the  same  data 
to  calculate  the  850  mb  value  of  AN.  Hie 
method  of  analysis  was  first  to  chose 
arbitrarily  a ANc  value,  then  calculate  AN 
at  850  mb.  If  AN  > ANc,  the  a priori 
assessment  was  AP;  otherwise,  it  was 
assessed  as  normal.  In  the  region  of 
assessment,  the  refracting  structure  was 
determined  and  classified  as  normal,  super- 
refractive  and/or  ducting.  Then  a contin- 
gency table  was  generated  and  a skill  score 
was  calculated.  The  process  was  then 
iterated  on  ANc  by  increasing  ANc  by  2 N 
units,  and  repeated  until  a peak  in  the 
value  of  S was  noted;  the  value  of  ANc  was 
then  defined  as  the  optimum  ANc.  Fig.  3 
illustrates  the  analysis  procedure. 


/ 

850m  ti _ _ / AN 

/ 


Relative  Humidity 

Fig.  3.  Procedure  for  generating  2x2  con- 
tingency tables  to  evaluate  the  critical 
value  of  AN  using  radiosonde  data.  For 
each  sounding,  the  value  of  AN  (at  the 
850  mb  level)  is  calculated  and  the 
refractive  structure  in  the  region  of 
assessment  is  determined.  The  skill 
score  is  then  calculated  based  on  an 
arbitrary  starting  value  of  ANc.  The 
procedure  is  then  iterated  on  ANc  + 2 
and  the  iteration  continues  until  a maxi- 
mum in  the  skill  score  is  obtained. 

The  seven  regions  of  assessment  are 
separated  into  two  groups : pressure  sur- 
face limits,  and  constant  thicknesses  (Fig. 
4) . The  regions  have  a maximum  upper  limit 
of  the  850  mb  level,  since  this  is  the 
level  of  AN  determination.  Limiting  the 
region  at  a lower  level  than  850  mb 
examines  the  effect  of  the  refractive 
structure  nearest  the  level  of  the  predic- 
tor; limiting  the  bottom  of  the  region  at 
some  level  above  the  surface  examines  its 
surface-based  AP  assessment  skill.  The 
constant  thickness  regions  are  included  to 
determine  if  the  procedure  has  improved 


skill  when  assessing  a region  which  is 
independent  of  surface  pressure. 


Fig.  4.  The  regions  of  assessment  were 
bounded  by  upper  and  lower  limits,  giving 
a total  of  seven  regions.  The  regions  of 
assessment  were  chosen  to  establish  the 
region  of  greatest  skill.  The  partial 
regions  (850  mb  to  900  mb,  900  mb  to  950 
mb  and  900  mb  to  the  surface)  evaluate 
the  assumption  that  elevated  refractive 
structure  resided  in  some  preferred 
region . 

5.  RESULTS 

For  each  assessment  region  an  optimum 
ANc  was  found,  its  contingency  table  was 
generated  and  a skill  score  (relative  to 
chance)  was  calculated.  An  example  of  the 
resulting  tables  is  shown  in  Fig.  5 for  the 
region  850  mb  to  the  surface.  This  region 
shows  good  skill  (S=.67)  and  also  shows 
considerable  advantage  over  simple  clima- 
tology (84%  versus  67%) . Note  that  the 
optimum  ANc  is  only  3 N units  greater  than 
the  G jessing  and  Moene  value  of  15  N. 

The  summary  of  the  skills  and  optimum 
ANc  for  ducting  or  superrefraction  are  given 
in  Fig.  6.  The  region  of  greatest  apparent 
skill  is  850  mb  to  950  mb,  with  the  850  mb- 
to-surface  region  a close  second.  Notice 
that  these  two  are  well  above  the  others  in 
skill,  but  below  that  of  Gjessing  and  Moene. 
There  seem  to  be  two  factors  which  would 
account  for  these  differences.  The  radio- 
sonde is  notoriously  misleading  for  near- 
surface data,  so  elimination  of  this 
region's  data  improves  the  skill;  the  very 
low  skill  of  the  300  m-to-surface  region 
supports  this  point.  Secondly,  the  proce- 
dure itself  is  designed  to  evaluate  AP 
associated  with  marine  inversion  phenomena 
and  hence  any  skill  at  regions  close  to  the 
surface  would  be  coincidental. 

The  other  three  pressure-surface- 
limited  regions  show  similar  skills.  This 
implies  that  no  real  preference  exists  for 
any  of  the  three  regions , hence  no  altitude 
resolution  is  indicated. 
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to  indicate  a strong  gradient  some  distance 
below. 
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Examination  of  the  results  for  ducting 
only  (Fig.  7)  shows  that  the  850  mb-to-sur- 
face  region  has  the  highest  skill;  note 
that  the  900  mb-to-surf ace  region  has 
almost  identical  numbers,  both  in  skill  and 
in  ANc.  This  implies  that  the  top  of  the 
marine  inversion  in  this  area  is  normally 
found  at  or  below  the  900  mb  level,  since 
this  is  the  most  likely  region  for  ducting 
conditions.  The  generally  higher  optimum 
values  of  ANc  (see  Fig.  8)  reflect  the  fact 
that  for  ducts  alone,  drier  air  aloft  at 
850  mb  is  needed  to  skillfully  predict  such 
AP. 

Dactiif  ANC  - - Skill 


CORRECT  84%  CLIMATOLOGY  67% 

Fig.  5.  Example  of  a contingency  table 
generated  in  this  study.  This  contin- 
gency table  is  for  the  region  from  the 
850  mb  level  to  the  surface,  and  includes 
both  ducting  and  superrefraction  as  types 
of  anomalous  propagation.  The  skill 
score,  critical  AN  and  assessment  region 
are  nearly  the  identical  to  those  of 
G jessing  and  Moene's  study. 


Oucti«i/Supenelf actum  ANt  - Skill 


Fig.  6.  Summary  of  the  results  of  the 
seven  assessment  regions  showing  the 
critical  ANc  values  and  the  corresponding 
skill  scores  for  ducting/superrefraction. 
The  highest  skill  score  is  for  the  850 
mb-to-950  mb  region,  since  the  region 
near  the  surface  where  the  radiosonde 
does  a poor  job  in  determining  refractive 
structure  has  been  deleted.  The  300  m- 
to-surface  region  shows  virtually  no 
skill  over  climatology. 

The  values  of  optimum  ANc  vary  little 
for  the  upper  limit  of  the  850  mb  level. 

For  the  900  mb  upper  limit,  much  larger  ANc 
values  result.  This  is  reasonable  since 
this  optimum  ANc  must  be  best  at  assessing 
AP  some  distance  below  its  level;  therefore, 
considerably  drier  air  at  850  mb  is  needed 
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Fig.  7.  Summary  of  results  of  the  seven 
assessment  regions  showing  the  critical 
ANc  values  and  the  corresponding  skill 
scores  for  ducting.  The  highest  two 
regions  are  the  850  mb-to-950  mb  regions. 
The  region  of  300  m to  the  surface  shows 
virtually  no  skill  over  climatology. 


6 . SUMMARY 


The  G jessing  and  Moene  procedure  shows 
definite  skill  over  chance  and  climatology 
and  is  comparable  (slightly  better)  to 
operational  weather  forecasts.  The  assess- 
ment skill  of  the  AN  procedure  is  better 
for  elevated  anomalous  propagation  than  for 
surface  conditions.  It  has  no  apparent 
skill  fo*:  altitude  resolution.  The  optimum 
value  of  ANc  is  a function  of  the  type  of 
AP:  ducting  alone,  or  ducting  and/or 

superrefraction . 

7 . FUTURE  TASKS 

Two  primary  tasks  should  be  accom- 
plished to  implement  this  procedure  and 
generate  operational  analyses  and  forecasts 
of  anomalous  microwave  propagation  from 
numerical  model  fields.  First,  in  the 
EASTPAC  region  and  using  the  optimum  ANc 
found  in  this  work,  contingency  tables  and 
skill  scores  should  be  generated  using  an 
independent  data  set  and  compared  to  the 
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Fig.  8.  Summary  of  results  for  the  seven 
regions  of  assessment  comparing  ducting 
to  ducting/superrefraction.  The  ANc 
values  for  ducts  alone  are  almost  twice 
as  large  as  those  values  for  ducting/ 
superref raction  for  those  regions  whose 
upper  limit  is  the  850  mb  level.  Regions 
of  assessment  whose  upper  limits  are  400 
mb  (or  1000  m)  show  less  change  in  ANc 
between  the  two  types  of  anomalous  pro- 
pagation . 

results  of  this  study.  Second,  other 
oceanic  regions  should  be  examined  for 
skill  and  optimum  ANc. 

The  procedure  could  also  be  improved 
by  refinement  by  season  of  the  regional 

IANc's  wherever  reliable  data  exists.  The 

AN  (850)  parameter  could  be  combined  with 
other  synoptic  scale  parameters  such  as 
surface  pressure.  In  doing  so,  perhaps 
»]  some  skill  in  general  altitude  resolution, 

as  well  as  improvement  in  overall  skill, 
could  be  attained. 
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DIAGNOSIS  OF  EXEVATED  DUCTS  BY  MEANS  OF  EQUIVAIENT  AITITUDE 


Roger  A.  Helvey 
Pacific  Missile  Test  Center 
Point  Mugu,  California 


1.  INTRODUCTION 

An  elevated  duct  Is  often  found  In  the  lower 
atmosphere  over  much  of  the  world's  ocean 
surface,  associated  with  an  extensive  and 
persistent  subsidence  inversion  separating  a 
relatively  cool  and  moist  marine  layer  from  an 
overlying  warmer  and  drier  air  mass.  This 
situation  is  particularly  prevalent  in  temperate 
latitudes,  in  connection  with  the  tradewind 
inversion.  The  topography  and  other  character- 
istics of  the  elevated  duct  and  inversion  affect 
determination  of  environmental  effects  on 
performance  of  Fleet  surveillance,  conmunications , 
and  weapons  systems.  Because  direct  measurements 
of  atmospheric  properties  aloft  are  so  scarce 
over  the  open  ocean,  indirect  techniques  are 
often  necessary  for  estimation  of  these  charac- 
teristics. In  this  report  a description  and 
preliminary  evaluation  of  an  objective  method 
for  inferring  probability  and  altitude  of 
occurrence  of  elevated  ducts  is  presented.  The 
method  applies  the  hydrostatic  relationship  to 
data  from  two  reference  levels  to  estimate  the 
altitude  of  an  intervening  inversion  layer  by 
calculating  a parameter,  "Equivalent-Altitude", 
determined  from  standard-level  meteorological 
analyses.  This  height  index  and  another  parame- 
ter indicating  overall  stability  of  the  atmos- 
pheric layer  of  interest  are  easily  computed 
from  numerical  analyses  of  meteorological  fields 
in  the  form  of  grid  point  data.  Together  they 
permit  estimation  of  duct  occurrence  and  altitude 
with  a potentially  substantial  improvement  in 
accuracy  over  climatology,  although  limitations 
to  application  of  the  method  exist  which  are  not 
yet  completely  explored. 

2.  THE  EQUIVALENT-ALTITUDE  TECHNIQUE 

The  pressure  at  some  level  in  the  atmosphere 
can  be  regarded  as  the  sum  of  the  pressure  at 
some  higher  altitude  plus  the  weight  of  the 
intervening  atmosphere.  Because  density  is 
inversely  proportional  to  temperature,  an 
increase  (decrease)  in  mean  temperature  of  the 
intervening  layer  will  tend  to  produce  a corres- 
ponding decrease  (increase)  in  pressure  at  the 
lower  level.  When  an  inversion  is  present 
between  the  two  levels,  changes  in  the  altitude 
of  the  inversion  will  have  a direct  effect  on 
the  mean  temperature  of  the  layer,  and  thus  on 
the  difference  in  pressure  between  the  two 
levels.  For  example,  if  the  upper  pressure  is 
constant,  and  if  the  upper  and  lower  temperatures 
are  also  constant,  an  increase  in  altitude  of 
the  inversion  will  result  in  a decrease  in  the 
mean  temperature  of  the  whole  layer,  and  cause 


an  increase  in  pressure  at  the  lower  level. 

This  suggests  a method  by  which  altitude  of  an 
inversion  (and  accompanying  elevated  duct)  may 
be  estimated  at  some  location  where  sounding 
data  is  unavailable,  given  only  data  from  two 
reference  levels,  one  above  and  one  below  the 
altitude  region  of  interest. 

A typical  temperature  profile  through  an 
inversion  in  the  lower  atmosphere  (such  as  found 
in  trade-wind  areas)  is  shown  in  Figure  1 as  a 
solid  line.  A relatively  cool  marine  layer  with 
approximately  adiabatic  lapse  rate  occurs  at  the 
base  of  the  inversion.  An  abrupt  change  in 
lapse  rate  occurs  at  the  base  of  the  inversion, 
followed  by  a more  gradual  change  to  more  nearly 
adiabatic  lapse  rates  again  at  higher  altitudes. 

A rough  but  useful  two-layer  approximation  of 
the  temperature  structure  of  the  lower  atmosphere 
in  such  a situation  is  shown  by  the  dashed  line, 
with  constant  potential  temperature  (adiabatic 
lapse  rates)  assumed  in  both  the  lower  and  upper 
layers,  equal  to  actual  potential  temperatures 
at  the  lower  and  upper  levels,  respectively. 

The  altitude  of  the  model  interface  can  be 
determined  60  that  actual  and  model  pressures 
are  in  agreement,  giving  an  "Equivalent-Altitude" 
which,  we  will  demonstrate  later,  can  be  empir- 
ically related  to  the  altitude  of  the  inversion 
(and  duct)  in  the  real  atmosphere. 

The  difference  in  potential  temperature 
between  the  upper  and  lower  layers  provides  an 
index  of  the  maximum  possible  strength  of  the 
intervening  inversion,  and  also  the  likelihood 
of  occurrence  and  strength  of  the  associated 
duct.  In  addition,  this  "Strength  Index" 
determines  the  sensitivity  of  changes  in  the 
interface  altitude  to  changes  in  pressure/ 
height  at  the  reference  levels,  and  vice  versa. 

It  should  be  apparent  that  both  likelihood  and 
strength  of  inversions  and  their  associated 
ducts  will  tend  to  Increase  as  the  Strength 
Index  increases,  whereas  as  this  index  approaches 
zero,  near-adiabatic  conditions  and  lack  of 
inversions  will  prevail  throughout  the  entire 
altitude  range  between  the  two  reference  levels, 
in  which  case  elevated  ducts  will  be  very 
unlikely  in  that  same  region. 

Derivation  of  an  expression  for  Equivalent- 
Altitude  ia  shown  in  Figure  1.  Note  that  if 
relative  humidity  at  the  reference  levels  is  not 
available,  then  potential  temperature  can  be 
used  instead  of  virtual  potential  temperature, 
although  with  some  decrease  in  accuracy  in 
calculated  values  of  Equivalent-Altitude. 
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EQUIVALENT  - ALTITUDE 


FROM  THE  HYDROSTATIC  EQUATION.  HE  HAVE: 

IfijMpTVk,)  (1) 

WHERE 

Zj H ALTITUDE  OF  UPPER  REFERENCE  LEVEL 
- ALTITUDE  OF  LOWER  REFERENCE  LEVEL 
k sSS  OSASk  (FOR  P IN  MB.  Z IN  FT..  T*  IN  DEC.  K) 

T*  ~ VIRTUAL  TEMPERATURE 
p H PRESSURE 

FROM  THE  DEFINITION  OF  POTENTIAL  TEMPERATURE: 


WHERE 

t>*  ~ virtual  potential  temperature 

k H R/Cp  0. 286 

SUBSTITUTING  (2)  IN  <U.  HOLDING  W*  CONSTANT.  AND  INTEGRATING: 
Zrzi  = cn*(Pj  - PjK)  (SI 

WHERE 
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Zf  C|-  C0flPt-Pj  (A) 


AHO  FOR  TNI  LOWER  LAYER: 
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WHERE  Z(  H ALTITUOE  OF  INTERFACK 

Zf  H ALTITUOE  OF  TOR  OF  URRER  LAYER  (URRER  REFERENCE  LEVEL) 

Zfe  H ALTITUDE  OF  ROTTOM  OF  LOWER  LAYER  (LOWER  REFERENCE  LEVEL) 

0*  H VIRTUAL  ROTENTI AL  TEMRERATURE  IN  URRER  LAYER 
0J  H VIRTUAL  ROTENTIAL  TEMRERATURE  IN  LOWER  LAYER 
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•Y  ELMINATINC  R ( RETWEEN  (4)  ANO  (»  WE  ORTAIH  AW  EXPRESSION  FOR  THE  INTER 
FACE  ALTITUOE  IN  TERMS  OF  VALUES  OF  TEMRERATURE  ANO  RRESSURE  AT  TNC  TWO 
REFERENCE  LEVELS: 
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Figure  1.  Derivet ion  of  Equivalent-Altitude 


3.  APPLICATION  OF  TECHNIQUE 

Application  of  the  Equivalent-Altitude 
technique  depends  on  two  factors:  (1)  availa- 
bility of  pressure,  height,  temperature,  and 
relative  humidity  (optional)  data  at  reference 
levels  above  and  below  the  altitude  range  of 
interest;  and  (2)  a knowledge  of  the  relationship 
between  the  calculated  Equivalent-Altitude  and 
Strength- Index  parameters,  and  actual  Inversion/ 
duct  behavior.  The  reference  data  required  for 
operational  calculation  of  these  parameters  can 
be  obtained  from  numerical  analyses  of  meteoro- 
logical fields  at  two  standard  levels,  while  the 
relationship  between  actual  duct  or  Inversion 
likelihood  and  altitude  and  the  Equivalent- 
Altitude  parameters  can  be  empirically  ascertained 
by  using  radiosonde  data.  It  can  be  anticipated 
that  this  relationship  will  vary  somewhat  with 
geographical  location  and  season,  because  of 
systematic  differences  In  temperature  and 
refractive  profiles  with  these  factors.  Thus, 
the  relationship  must  be  evaluated  for  a number 
of  widely  separated  locations.  Ideally  for  this 
purpose  one  would  calculate  the  Equivalent- 
Altitude  parameters  for  a given  site  from  the 
numerical  analyses  of  the  required  fields,  but 
computer  processing  of  the  numerical  data  (In 
the  form  of  large  arrays  of  values  at  grid 
points)  is  relatively  cumbersome,  and  necessarily 
limited  with  respect  to  the  number  of  lnowldual 
cases  included  because  of  the  massive  amount  of 
data  involved.  Thus,  it  Is  advantageous  to 
compute  the  Equivalent-Altitude  parameters  on 
the  basis  of  reference  level  data  from  the  same 
soundings  used  to  determine  duct  presence  and 
altitude.  Results  will  be  presented  In  this 
report  using  both  sources  of  reference  level 
data. 

4.  RADIOSONDE  EQUIVALENT- ALTITUDES 

Point  Mugu  Data.  Radiosonde  data  from  two 
different  sources  have  been  examined  in  terms  of 
Equivalent-Altitude/Duct  relationships.  The 
first  set  of  data  is  from  Point  Mugu  (NTD)  for 
the  period  January  1967  through  December  1976, 
comprising  a total  of  7025  soundings.  An 
Equivalent-Altitude  and  Strength  Index  were 
computed  for  each  sounding  using  the  surface  as 
the  lower  reference  level,  and  either  850  or  700 
mb  as  the  upper  reference  level.  The  presence 
and  altitude  coverage  of  ducts  between  the 
surface  and  the  upper  reference  level  was  noted. 
(Because  of  a spurious  bias  in  surface-based 
ducts  due  to  temperature-induced  radiosonde 
humidity  errors,  ducts  due  to  apparent  trapping 
gradients  appearing  solely  In  the  surface  layer 
of  a sounding  were  not  counted.)  The  soundings 
were  categorized  according  to  Strength  Index, 
and  relative  frequencies  (In  percent)  of  duct 
occurrence  were  computed  at  a number  of  altitude 
levels,  for  a number  of  Equivalent-Altitude 
categories.  The  results  are  presented  as 
tabulations  of  these  relative  frequencies 
for  each  Strength  Index  category,  by  altitude 
and  Equivalent-Altitude.  Results  for  the  total 
sat  of  Point  Mugu  soundings  are  shown  in  the 
upper  half  of  Table  1,  where  850  mb  was  used  as 
the  upper  reference  level.  Altitude  Is  the 
vertical  coordinate  or  rows  In  all  of  theee 
tabulation*.  In  this  case  data  are  given  at 
250-foot  Intervals  from  the  surface  up  to  6,000 
faat.  Equivalent-Altitude  Is  the  horizontal 


coordinate  or  columns  in  these  tabulations.  In 
this  caaa  each  column  represents  a separate  250- 
foot  thick  category,  Increasing  from  left  to 
right:  the  leftist  column  gives  data  for 
soundings  with  Equivalent-Altitudes  of  0 to  250 
faat,  the  next  250  to  500  feet,  and  so  on  up  to 
6,000  to  6,250  feet.  The  far  right  column  gives 
relative  frequencies  of  ducts  without  respect  to 
Equivalent-Altitude,  and  thus  Indicates  duct 
coverage  with  altitude  according  to  climatology. 
Note  that  the  individual  frequencies  In  general 
do  not  add  to  100Z  in  each  column;  this  is 
because  a duct  Is  often  thick  enough  to  cover 
more  than  one  250-foot  altitude  Interval,  and 
more  than  one  duct  may  occur  in  any  sounding. 
Total  duct  relative  frequency  of  occurrence  (of 
at  least  one  duct)  without  respect  to  altitude 
Is  given  at  the  lower  left. 
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Table  1.  Duct  occurrence  (X)  by  altitude 
Point  Mugu  data,  1967-1976. 

Upper:  All  data 

Lover:  Strength  Index  il5C 


It  la  apparent  that  the  altitude  of  maximum 
duct  probability  lies  near  750-1,000  feet 
according  to  climatology,  with  a maximum  occur- 
rence of  about  25Z  at  that  level,  but  with  an 
overall  occurrence  of  about  67X.  A strong 
association  between  Equivalent-Altitude  and 
actual  duct  altitude  la  readily  apparent,  end 
although  the  frequanclea  are  not  large,  con- 
sideration of  Equivalent-Altitude  clearly 
reaulte  In  a substantial  improvement  over 
climatological  frequanclea. 


A considerable  Improvement  In  epeclf lcatlon 
of  duct  altitude  and  occurrence  reeulta  from 
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consideration  of  the  Strength  Index.  Statistics 
for  sll  cases  with  potential  temperature  differ- 
ence of  at  least  +13  dsg  C between  8S0  mb  and 
the  surface  srs  shown  in  the  lower  half  of 
Table  1.  For  these  soundings  the  frequency  of 
duct  occurrence  at  specific  altitudes  becomes 
greater  than  50Z  when  Equivalent-Altitude  is 
considered,  and  overall  duct  expectancy  rises  to 
about  86Z. 

A more  detailed  breakdown  of  the  Joint 
effects  of  Equivalent-Altitude  and  Strength 
Index  on  duct  occurrence  (without  regard  to 
altitude)  is  displayed  In  Figure  2.  The  upper 
reference  level  was  at  700  mb.  A high  expectancy 
of  duct  occurrence  is  indicated  when  Equivalent- 
Altitude  is  low  and  vice  versa,  while  a general 
increase  in  duct  occurrence  is  associated  with 
larger  Strength  Index.  Depending  on  values  of 
these  two  parameters,  expected  duct  occurrence 
could  range  from  frequencies  exceeding  80Z  or 
90Z,  to  less  than  20Z. 


Figure  2.  Duct  occurrence  (Z)  versus  Equivalent- 
Altitude  and  Strength  Index.  Point  Mugu  data, 
1967-1976. 


Picket  Ship  Data.  A second  set  of  radiosonde 
data,  provided  by  Wayne  Sweet  of  the  Naval 
Environmental  Prediction  Research  Facility 
(NEPRF),  was  examined  with  respect  to  Equivalent- 
Altitude  effects  on  duct  occurrence.  The  picket 
ship  data  provided  consists  of  a set  of  6,090 
soundings  obtained  during  the  period  1956-1965, 
between  latitudes  sbout  35N  to  50N,  and  longitudes 
125W  to  135W,  off  the  west  coast  of  the  United 
States.  As  with  the  Point  Mugu  data,  Equivalent- 
Altitude  and  Strength  Index  were  computed  for 
each  sounding  using  the  surface  as  the  lower 
reference  level,  and  850  mb  as  the  upper.  In 
the  upper  half  of  Table  2 the  overall  frequency 
of  duct  occurrence  for  these  data  is  given  at 
less  than  27Z,  and  the  frequencies  noted  at 
individual  altitudes  for  the  various  Equivalent- 
Altltuda  categories  are  correspondingly  small, 
but  the  correlation  between  actual  duct  altitude 
and  Equivalent-Altitude  is  still  apparent.  When 
ws  consider  only  soundings  where  the  Strength 
Index  was  at  least  15  C,  shown  in  the  lower  half 
of  Table  2,  this  relationship  becomes  much  more 
distinct,  and  the  overall  duct  occurrence 
lncreasas  to  almost  56Z.  A marked  difference  in 
duct  occurrence  with  latitude  is  shown  by  the 
next  two  Tables.  In  the  upper  half  of  Table  3 
only  data  north  of  latitude  41  degrees  has  been 
included.  The  overall  duct  occurrence  drops  to 
sbout  19Z,  and  Equivalent-Altitude  does  not 
appear  to  provide  as  good  an  indication  of  duct 
altltuda.  In  the  lower  half  of  Table  3 only 


data  south  of  36N  latitude  is  included.  The 
overall  duct  occurrence  is  almost  43Z,  and  there 
is  a cotsnensurate  Improvement  in  the  dependence 
of  duct  altitude  on  Equivalent-Altitude. 
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Table  2.  Duct  occurrence  (Z)  by  altitude. 
Picket  Ship  data,  1956-1965. 

Upper:  All  data 

Lower:  Strength  Index  115C 


5 . GRID  EQUIVALENT -ALTITUDES 


Although  the  use  of  reference  level  data 
from  actual  soundings  to  compute  Equivalent- 
Altitudes  and  Strength  Indexes  is  valuable  for 
determining  the  basic  nature  of  the  effect  of 
these  parameters  on  duct  occurrence  and  altitude, 
for  operational  applications  the  soundings  are 
presumed  to  be  unsvallable.  The  basic  premise 
of  this  effort  is  that  significant  information 
on  probable  duct  behavior  can  be  established 
using  reference  data  from  numerical  analyses  (or 
forecasts)  of  meteorological  fields.  Thus,  a 
set  of  such  fields  for  the  year  1974  was  obtained 
from  Fleet  Numerical  Weather  Central  (FNWC) , in 
the  form  of  arrays  of  values  for  a 63  x 63  grid 
over  the  Northern  Hemisphere.  This  considerable 
amount  of  data  was  processed  on  the  Pacific 
Missile  Test  Center  (PACMISTESTCEN)  CYBER  175 
computer  to  obtain  values  of  Equivalent-Altitude 
and  Strength  Index  over  the  entire  array  or  at 
particular  grid  points  as  required. 
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Table  3.  Duct  occurrence  (Z)  by  altitude.  Picket 
Ship  data,  1956-1965. 

Upper:  North  of  41  N 
Lower:  South  of  36°N 

The  year  1974  was  chosen  because  of  the 
availability  of  soundings  at  PACMISTESTCEN  for 
January,  April,  July,  and  October  of  that  year 
for  a number  of  radiosonde  stations  In  the 
Northern  Hemisphere.  These  stations  had  been 
selected  for  the  Refractive  Effects  Guidebook 
(REG)  work  unit  in  an  attempt  to  obtain  refrac- 
tive Information  representative  of  oceanic 
regions  around  the  globe.  There  are  14  of 
thasa  stations  In  the  Northern  Hemisphere  in 
all:  Ship  4YN  ("NAN"),  Ship  4YH,  Midway, 

Adak,  Pt.  Barrow,  Ponape,  Yap,  Clark  AFB, 

Thule,  Kaflavlk,  Bermuda,  Balboa,  Barbados, 
and  Tarcalra.  Their  positions  are  shown  In 
Figure  3,  together  with  the  63  x 63  FNWC  grid. 

For  Ships  4YN  and  4YH  only  data  for  January 
and  a part  of  April  were  available. 

Upon  compilation  of  tables  of  duct  occur- 
rence versus  Equivalent-Altitude  and  Strength 
Index,  It  was  noted  that  at  most  tropical  and 
polar  sites  duct  occurrences  were  apparently 
either  too  infrequent  or  relationship  with 
Equivalent-Altitude  too  weak  to  merit  applica- 
tion of  the  technique.  But  the  temperate- 
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Figure  3.  FNWC  63x63  grid,  and  locations  of 
radiosonde  stations  for  1974  data  baae. 

latitude  stations  did  yield  favorable  results, 
as  represented  in  Tables  4-8  for  4YN, 

Midway,  4YH,  Bermuda,  and  Tercelra.  In  these 
Tables  only  soundings  for  a Strength  Index  of 
at  least  15  deg  C were  Included,  with  the 
upper  reference  level  at  700  mb.  The  overall 
duct  occurrence  for  each  station  without 
considering  Strength  Index  (not  shown)  for  the 
four  months  of  1974  used  was  60Z  for  4YN,  28Z 
for  Midway,  42Z  for  4YH,  50Z  for  Bermuda,  and 
42Z  for  Tercelra.  The  overall  frequencies  for 
each  station  generally  Increased  substantially 
with  Strength  Index,  as  given  In  the  Tables, 
with  an  improvement  of  over  30Z  at  Bermuda. 
Although  sample  sizes  were  not  large,  the 
association  between  duct  altitude  and  Equivalent- 
Altitude  is  generally  evident  for  each  of 
these  sites.  The  Joint  effect  of  Equivalent- 
Altitude  and  Strength  Index  is  shown  In  Figure  4, 
prepared  from  a composite  of  data  for  all  five 
stations.  A great  Increase  In  duct  occurrences 
occurs  with  Increasing  stability.  But  here, 
unlike  the  situation  for  Point  Mugu  (Figure  2) 
where  duct  occurrences  were  greatest  for  the 
lowest  Equivalent-Altitudes,  a distinct  maximum 
occurs  for  Equivalent-Altitudes  near  6,000  feet. 


6. 


SYNOPTIC  DISTRIBUTION  OF  EQUIVALENT- 
ALTITUDE 


If  the  numerical  analyses  prove  to  be 
sufficiently  accurate  to  permit  reasonably 
reliable  computations  of  Equivalent-Altitude, 
synoptic  maps  of  the  distribution  of  Equivalent- 
Altitude  and  Strength  Index  can  be  constructed 
which  should  provide  valuable  information  on 
behavior  of  the  elevated  duct  In  time  and 
space.  Examples  of  such  maps  are  given  in 
Figure  4,  for  12Z  3 April  1974,  over  a portion 
of  the  northeastern  Pacific.  Surface  frontal 
positions  and  saa-lavel  isobars  are  drawn  in 
the  conventional  analysis  In  Figure  4a.  Fields 
of  Equivalent-Altitude  in  Figure  4b,  and 
Strength  Index  In  Figure  4c  seem  reasonably 
smooth  and  spatially  coherent,  without  wild 
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Table  8.  Terceira  duct  occurrence  (X)  by  altitude 
Equivalent-Altitude  from  FNWC  grid  data.  Upper 
reference  level  at  700  mb.  Strength  Index 
2 ISC 
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Figure  4.  Composite  4YN  + Midway  + 4YN  + Bermuda 
+ Terceira  duct  occurrence  by  Equivalent- 
Altitude  and  Strength  Index. 

fluctuations  between  neighboring  grid  points 
which  would  indicate  Intolerable  sensitivity 
to  ssiall  deviations  in  the  input  data  fields  at 
tha  two  reference  levels  (surface  and  700  mb 
in  thia  case).  For  operational  use,  these 
fields  would  be  converted  and  displayed  aa 
probability  of  duct  occurrence  and  expected 
altitude  using  empirical  relationships 
established  from  a atudy  of  numerous  individual 
stations. 


Figure  4a.  Surface  Chart,  12Z  3 April  1974 
7.  CONCLUDING  REMARKS 

From  the  data  presented  here,  it  is  apparent 
that  a significant  relationship  exists  at 
temperate  latitude  stations  between  duct 
occurrence  and  altitude,  and  Equivalent- 
Altitude  and  Strength  Index.  This  relationship 
is  evident  when  either  the  sounding  data 
Itself,  or  data  from  numerical  analyses  are 
used  to  compute  these  parameters.  The  degree 
of  relationship  seems  to  vary  geographically 
in  the  same  manner  as  the  overall  frequency  of 
duct  occurrence  Itself,  with  the  best  results 
indicated  at  Point  Mugu  and  Bermuda  of  the 
sites  considered.  While  the  frequencies  of 
occurrence  are  generally  rather  small  with 
reapact  to  diagnosis  or  forecasting  the  presence 
of  an  elevated  duct  at  specific  altitudes, 
these  frequencies  will  Increase  significantly 
if  determined  Instead  for  a given  altitude 
range  within  which  frequency  of  duct  occurrence 
la  desired. 

Because  of  scatter  in  the  data,  the  frequency 
tabulations  given  in  this  report  are  not 
presently  suitable  for  practical  application. 
Additional  data  must  be  obtained  to  increase 
the  reliability  of  the  ducting  statistics  when 
computed  for  a number  of  simultaneous  cstegorles 
of  Equivalent-Altitude  and  Strength  Index. 

Rather  titan  finding  duct  occurrence  for 
individual  altitudes,  determination  of  frequency 
of  occurrence  over  various  altitude  ranges  may 
be  a prafarabla  mods  of  presentation  for 
actual  use. 

Although  clearly  a relationship  is  evident, 
further  work  is  desirable  to  determine  if 
results  can  be  improved  by  accounting  for 
effects  of  additional  synoptlc-ecale  parameters. 
In  this  regard,  while  obviously  there  is  an 
increasing  likelihood  of  an  inversion  with 
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Figure  4b.  Map  of  Equivelent-Altitude  (calculated 
from  FNWC  numerical  analyaes  at  aurface  and 
700  mb)  in  thouaands  of  feet 


incraaaing  overall  thermal  atabllity  of  the 
region  between  the  two  reference  levele,  this 
may  not  alwaya  imply  a greater  probability  of 
elevated  duct  occurrence.  The  tacit  assumption 
is  that  in  the  presence  of  an  inversion  the 
upper  air  mass  la  relatively  dry.  But  in 
certain  weather  conditions  this  may  not  be  the 
case,  as  when  the  inversion  is  associated  with 
advectlon  of  warm  but  also  moist  air  aloft. 

These  situations  may  be  detectable  by  consider- 
ation of  winds  at  various  altitudes,  for 
example. 

Additional  analyses  of  the  spatial  distribution 
of  Equivalent-Altitude  and  Strength  Index  will 
be  carried  out  in  conjunction  with  conventional 
meteorological  analyses  to  detarmlne  if  these 
parameters  behave  in  a systematic  and  reasonable 
manner  in  relationship  to  accepted  synoptic 
models  of  air  mass  structure. 

Statistics  of  distributions  of  estimated 
duct  occurrrece  with  location  and  altitude 
based  on  the  Equivalent-Altitude  technique  will 
be  undertaken  for  a large  number  of  grid  point 
locations,  to  determine  if  it  can  be  used  to 
generate  a duct  climatology  for  regions  where 
sounding  data  is  sparse  or  unavailable. 
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SOME  SYNOPTIC  CONSIDERATIONS  RELATIVE  TO  THE  REFRACTIVE  EFFECTS  GUIDEBOOK  (REG) 

Jay  Rosenthal  and  Roger  Helvey 
Pacific  Missile  Test  Center 
Point  Mugu,  California 
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SUMMARY 

A Refractive  Effects  Guidebook  (REG)  was 
developed  for  relating  routine  synoptic  weather 
information  to  probable  radio-frequency  (RF) 
systems  coverage  conditions  and  was  used  opera- 
tionally in  the  Fleet  during  1977  and  1978.  The 
REG  employed  simple  procedures  for  estimating 
present  or  future  refractive  conditions  (and 
hence  systems  coverage)  from  information  supplied 
by  synoptic  charts,  transmitted  WEAX  messages, 
or  direct  measurements.  While  the  technique  has 
been  found  to  be  procedurally  feasible  and 
attractive,  objective  evaluations  of  REG  perfor- 
mance indicated  significant  discrepancies  in 
verification,  particularly  for  surface-based 
ducts.  These  can  be  explained  by  Incomplete 
knowledge  of  the  inter-relationship  of  synoptic 
and  mesoscale  conditions  with  refractive  struc- 
ture, by  overly  detailed  attempts  at  profile- 
type  specification,  and  by  significant  defi- 
ciencies in  radiosonde  data  when  used  for 
refractive  purposes.  As  a result  of  these 
evaluations  and  other  Fleet  recommendations,  the 
physical  and  meteorological  basis  for  a synoptlc- 
refractivity  relationship  has  been  studied  and 
comparisons  made  with  independent  sources  of 
climatological  statistics.  Objective  studies 
have  been  conducted  to  develop  a statistical 
basis  for  relating  refractivity  conditions  to 
preferred  quadrants  of  synoptic  features. 

Ducting  has  been  found  to  be  most  likely  over 
the  southeast  quadrants  of  anticyclones  and  to 
be  positively  correlated  with  sea  level  pressure 
and  temperature  differences  between  the  surface 
and  700  mb.  Other  correlation  parameters  are 
being  investigated.  Based  on  a working  model, 
revised  REG  charts  have  been  developed  for  the 
North  Pacific  and  North  Atlantic  areas. 
Modifications  to  the  REG  technique  have  been 
suggested  which  allow  for  a less  detailed 
selection  of  refractive  structure  based  on 
profile  simplifications  and  their  relationship 
to  representative  weather  features.  The  meteoro- 
logical and  operational  basis  for  developing  the 
technique  is  discussed.  Plans  for  meteorological 
and  operational  evaluation  of  the  technique  are 
also  discussed. 

1.  INTRODUCTION 

The  Influence  of  atmospheric  layers  in 
causing  radar  holes,  ducting  and  other  examples 
of  anomalous  propagation  through  the  process  of 
refraction  has  been  recognized  by  Naval  operating 
forces  as  a major  cause  of  distorted  or  unexpected 
radar  coverage  in  the  Fleet.  A number  of  specific 
operational,  measurement  and  meteorological 


problem  areas  were  discussed  in  the  proceedings 
of  a Navy  refractivity  conference  published  by 
the  Naval  Weather  Service  Command  (1973).  In 
order  to  exploit  the  effects  of  atmospheric 
refraction  to  tactical  advantage,  an  Advisory 
Committee  on  Refractive  Index  Measurement  and 
Forecasting  composed  of  technical  and  operational 
representatives  from  throughout  the  Navy  was 
formed  under  the  management  of  the  Naval  Air 
Systems  Command  (AIR-370).  A major  achievement 
of  this  program  has  been  the  development  by 
Naval  Ocean  Systems  Center  (NOSC)  of  the 
Integrated  Refractive  Effects  Prediction  System 
(IREPS),  and  is  described  in  detail  by  Hltney 
and  Richter  (1976).  The  IREPS  is  a shipboard 
interactive  computer  system  which  produces 
quantitative  assessments  and  graphical  depictions 
of  refractive  effects  on  specific  sensor  systems 
in  near  real-time. 

Since  the  atmospheric  layers  responsible  for 
refractive  effects  are  in  turn  a reflection  of 
large  scale  air  mass  conditions,  a requirement 
exists  within  the  Navy  program  for  a prediction 
capability  which  will  allow  conversion  of  routine 
synoptic  weather  information  to  an  assessment  of 
refractive  structure.  At  the  request  of 
Commander,  THIRD  Fleet  an  attempt  to  develop  a 
synoptic  refractive  prediction  capability  was 
Initiated  by  Rosenthal  (1976)  at  the  Pacific 
Missile  Test  Center  (PMTC)  with  assistance  from 
the  Naval  Environmental  Prediction  Research 
Facility  (NEPRF)  resulting  in  the  development  of 
the  REG. 

2.  REG  DESCRIPTION 
2.1  Basic  Concepts 

The  REG  was  developed  through  a combined 
subjective /objective  effort  based  on  a study  of 
climatology,  the  dynamic  structure  of  anticyclones 
and  a year's  worth  (mid-season  months)  of  world- 
wide radiosonde  data  and  surface  and  upper-air 
charts  for  1974  obtained  from  the  National 
Climatic  Center  (NCC) . Using  actual  charts, 
characteristic  synoptic  patterns  were  selected 
for  each  season  for  each  ocean  operating  area  to 
serve  as  representative  REG  maps.  The  adiabatic 
charts  for  16  coastal  and  island  radiosonde 
stations  were  then  studied  to  derive  11  standard 
profile  types  to  be  designated  in  different 
synoptic  zones  on  the  REG  maps.  The  basic 
premise  of  the  REG  approach  is  tha  assumption 
that  refractive  conditions  responsible  for 
anomalous  propagation  and  such  specific  features 
as  radar  holes  and  ducts  can  be  related  to  the 
large  scale  weather  patterns  portrsyad  on  routine 
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weather  maps  such  as  are  available  In  the  Fleet. 
Using  this  routine  weather  Information  the  REG 
presents  guidelines  for  planning  the  employment 
of  radar,  sensor  and  communication  systems 
according  to  existing  and  predicted  refractive 
conditions  that  frequently  cause  anomalous 
propagation. 

The  REG  procedure  was  selected  for  simplicity; 
to  use  It  effectively  It  Is  not  necessary  to  be 
a weather  or  refractive  expert.  Given  available 
weather  Information,  the  user  merely  matches 
these  known  or  predicted  conditions  to  one  of 
the  typical  atmospheric  cases  described  in  the 
REG.  Examination  of  the  selected  case  revesls 
the  typical  coverage  pattern  appropriate  to  the 
specified  conditions.  Each  case  provides  a 
typical  refractivity  profile  and  several  ray 
trace  diagrams  which  schematically  llluatrate 
the  coverage  that  can  be  expected  at  different 
altitudes  between  the  surface  and  20,000  feet. 

The  REG  profiles  and  ray  traces  were  produced  on 
the  IREPS  systems  and  are  accompanied  by  brief 
descriptive  notes  that  interpret  the  diagrams 
and  Indicate  the  nature  of  surface-to-surface, 
surface-to-air,  and  air-to-air  coverage  that  can 
be  anticipated  for  each  profile  case.  Hypo- 
thetical transmitters  were  located  at  altitudes 
of  Interest  based  on  the  refractivity  profile. 


2 . 2 Procedures 


The  appropriate  profile  is  selected  by  the 
REG  user  according  to  one  of  three  types  of 
available  weather  information:  (1)  message,  (2) 
facsimile  chart,  or  (3)  actual  measurements. 

In  the  simplest  procedure,  a WEAX  message 
received  aboard  ship  prescribes  by  letter  the 
profile  to  be  used. 

The  second  technique  requires  onboard 
synoptic  weather  charts  for  the  ship's  area  of 
interest.  (Satellite  photographs  may  ultimately 
add  to  the  store  of  available  data.)  The 
meteorologist  or  aerographer' s mate  (AG)  compares 
the  charts  to  the  Indexed  REG  charts  ar.d  deter- 
mines which  one  most  closely  resembles  the 
current  synoptic  situation  for  ocean  area  and 
time  of  year.  Once  the  chart  is  identified  as 
typifying  existing  or  forecast  conditions,  he 
locates  the  ship's  position  with  respect  to 
dominant  weather  features  (e.g.,  proximity  to 
the  canter  of  a high,  ahead  of  or  behind  a 
front,  etc.).  Letters  superimposed  on  the  chart 
tell  which  profiles  are  to  be  used  In  the 
various  operational  areas  of  Interest. 

The  third  technique  is  used  by  Fleet  units 
having  the  capability  to  measure  refractivity 
values  In  the  lower  atmosphere  by  means  of 
radiosondes  or  refractometers.  Using  an  actual 
refractivity  profile  derived  from  these  soundings, 
the  meteorologlst/AG  determines  the  REG  profile 
that  most  closely  resembles  the  actual  conditions. 
This  matching  determines  profile  letter,  and  the 
Information  presented  may  then  be  applied  for 
operational  guidance. 

Figures  1 through  3 schematically  llluatrate 
how  each  of  the  three  techniques  are  employed  In 
the  REG. 
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23104(1  JUS  78 
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BT 

UNCLAS  //  NO 3 1 4 5 // 

WEAX 

A.  US S FLAGSHIP  2220 192  JUN  78 

1.  HETEOROLOO 1 CAL  SITUATION  AT  230600Z. 

HIGH  PRESSURE  CNTR  NR  40N  153W  RIDGES  SOUTHWEST  TO  NORTH 
BAJA  COAST. 

2.  24  HOUR  FORECAST  COMMENCING  2318002  ALONG  TRACK  FROM 
SAN  DIEGO  TO  33N  124N  AS  INDICATED  REF  A. 

A.  WEATHER:  MSTLY  CLDY  W/NIGHT /EARLY  MRNG  HAZE  AND  FOG. 

B.  VSBY:  UNRESTRICTED  XCPT  2-4  MI  IN  HAZE  AND  FOG. 

C.  WIND:  NORTHWEST  15-20  KTS  BCMG  NORTHERLY  12-16  KTS  BY 
END  OF  PERIOD. 

NORTHWEST  6-8  FT,  5-7  SECONDS. 
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3.  OUTLOOK  TO  48  HOURS:  CON 


I;  CONT  CLDY,  WIND  NORTH  10-20  KTS 
GRADUALLY  VEERING  TO  NORTHEAST.  SIG  WAVE  NORTH  5-8  FT, 
6-8  SECONDS. 

BT 


You  get 


(step  2) . 


Figure  1.  Example,  REG  Technique  1 


You  have  (step  1 ) : 


You  choose  (steps  2-4): 


Figure  2.  Example,  REG  Technique  2 
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You  tuve  (stop  1 ) : 


You  get  (step  2): 


Figure  3.  Example,  REG  Technique  3 


2. 3 Assumptions 

Development  of  the  REG  required  a number  of 
assumptions.  Among  these  are  that  refractivity 
conditions  can  be  considered  characteristic  of 
air  mass  types  and  large  scale  weather  conditions, 
that  coastal  and  island  radiosonde  data  used  in 
development  of  the  REG  did  in  fact  apply  to  the 
open  sea,  that  REG  solutions  applied  regardless 
of  geographical  location  (although  some  geograph- 
ical influence  was  implicitly  incorporated  in 
REG  charts),  that  ray  trace  techniques  were 
sufficient  to  describe  coverage  conditions,  and 
that  changes  in  profile  type  could  be  predicted 
more  from  a knowledge  of  proximity  to  synoptic 
features  than  to  changes  in  shape  or  characteris- 
tics of  synoptic  features.  Because  of  these 
constraints  as  well  as  the  inhomogenieties  of 
the  atmosphere  itself,  it  is  obviously  not 
possible  to  develop  predictions  and  conclusions 
that  are  absolutely  valid  in  all  situations.  It 
was  believed,  however,  that  the  REG  approach 
addressed  the  essential  considerations  and 
expected  systems  coverage,  and  that  it  provided 
valuable  new  guidance  in  a critical  area  where 
little  information  existed. 

3.  REC  EVALUATION  AND  PERFORMANCE 


was  performed  by  Glevy  and  Logue  (1976).  This 
NOSC  (formerly  NELC)  study  employed  a data  base 
similar  to  that  used  in  the  development  of  the 
REG  and  lifdica.ted  disappointing  REG  performance 
in  a number  of  important  areas.  Foremost  of  the 
REG  shortcomings  noted  were  its  poor  verification 
in  predicting  surface-based  ducts,  sub-refractive 
and  standard  conditions.  The  verification  rates 
for  predicting  elevated  ducts  were  much  better. 
(Relatively  good  verification  for  elevated  ducts 
was  noted  in  a later  lnfonnal  test  of  REG 
predictions  in  the  Hawaiian  area  during  the 
reconstruction  of  Fleet  data  from  RIMPAC-77.) 

Because  of  the  Importance  of  surface-based 
ducts  to  the  surface  Fleet,  REG  deficiencies  in 
this  area  (as  well  as  in  the  area  of  sub- 
refractive  and  standard  conditions)  addressed 
by  Glevy  and  Logue  have  been  given  serious 
consideration.  It  appears  that  these  defi- 
ciencies can  be  attributed  partially  to  an 
incomplete  understanding  of  synoptic-refractive 
relationships  and  also  to  an  overly  detailed 
attempt  to  specify  predicted  profile  types.  A 
considerable  part  of  REG  shortcomings  in 
predicting  surface-based  ducts  can  also  be 
attributed,  however,  to  deficiencies  in  radio- 
sonde data  when  applied  to  open  ocean  conditions 
for  refractive  purposes.  Unfortunately,  the 
only  radiosonde  data  available  for  evaluation 
and  comparison  with  the  REG  are  from  islands, 
ships,  and  coastal  locations.  The  REG  itself 
assumes  that  such  radiosonde  data  are  represen- 
tative of  open  sea  conditions.  There  is  little 
question  but  that  radiosonde  measurements 
currently  provide  the  best  and  cheapest  method 
of  detennining  the  general  variation  of  basic 
atmospheric  parameters  with  height.  However, 
due  to  a tendency  for  radiosonde  humidity 
sensors  such  as  those  used  in  American  sondes 
to  be  warmer  than  the  ambient  air,  particularly 
at  the  time  of  balloon  releases  over  heated 
platforms  (mainland  or  islands  but  also  ships), 
the  relative  humidity  reported  for  the  first 
free-air  and  also  subsequent  data  points  may  be 
too  "dry”  during  daytime.  When  considered  with 
surface-point  data  determined  from  standard 
psychrometer  readings,  this  effect  leads  to  a 
tendency  for  an  erroneously  high  frequency  of 
surface-based  ducts  during  the  daytime  heating 
hours  as  discussed  in  detail  by  Helvey  (1979). 


The  initial  REG  was  promulgated  as  THIRD 
Fleet  TACMEMO  280-1-76  in  September  1976  and 
remained  in  effect  till  June  1978  when  it  was 
withdrawn  from  operational  use  pending  modifica- 
tion and  further  development  of  the  technique. 

It  was  put  into  operational  use  following  an 
evaluation  by  Fleet  Weather  Central,  Pearl 
Harbor  which  established  the  feasibility  of  REG 
implementation  and  the  finding  that  useful 
guidance  for  radar  operators  could  be  provided 
through  REG  use  based  on  a study  involving  six 
ships  in  the  Pacific  Ocean.  In  a related  informal, 
semi-objective  evaluation  of  the  REG  performed 
by  Hargrave  (1976)  aboard  USS  ENTERPRISE,  the 
REG  produced  promising  results  when  seasonal 
transitions  were  considered  and  many  helpful 
suggestions  were  offered  for  improving  the 
technique.  What  still  remained  to  be  done  was  a 
thoroughly  objective  evaluation  of  the  technique 
in  terms  of  its  verification  in  predicting 
coverage  conditions  in  certain  categories 
Important  to  Fleet  operations.  Such  an  evaluation 


The  relevance  of  this  problem  is  that  while 
radiosonde  data  is  virtually  the  only  source  of 
refractive  data  over  the  world's  maritime  areas 
and  must  be  relied  on  either  directly  or  in- 
directly as  input  to  the  REG  or  other  refractive 
assessment  systems,  radiosonde  data  may  never- 
theless be  responsible  for  spurious  surface- 
based  ducts  which  make  it  difficult  to  properly 
evaluate  REG  perfonnance  or  that  of  other 
refractive  prediction  techniques  for  surface- 
based  duct  conditions.  The  problem  also  has 
serious  implications  for  world-wide  refractive 
climatologies  in  Naval  planning  and  operations. 
Efforts  are  continuing  at  PMTC  to  determine  the 
magnitude  of  the  problem  and  to  determine  the 
feasibility  of  applying  corrections  to  existing 
or  future  data. 

In  1978,  two  other  independent  outside  eval- 
uations of  REG  perfonnance  were  initiated.  One 
is  being  conducted  by  Brookes  (1978-79)  based 
on  input  from  questionnaires  distributed  to 
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Cruller,  Carrier,  Destroyer,  Frigate,  Support 
Ships,  Squadrons  and  other  Fleet  units.  Two 
hundred  twenty  usable  questionnaires  were  re- 
turned which  addressed  the  questions  of  synoptic 
typing,  profile  selection,  verification  of 
profile  type  and  indications  of  radarscope  condi- 
tions. When  asked  if  the  "REG  assessment  of 
conditions  was  essentially  correct,"  48X  responded 
"Yes",  32Z  responded  "No"  with  the  remainder 
undetermined.  The  second  informal  evaluation 
was  conducted  by  Glevy  (1978)  as  a follow-up  to 
his  earlier  study.  In  this  study,  REG  predictions 
were  made  for  refractivity  conditions  in  the 
SOCAL  operating  area  and  verifications  of  these 
predictions  were  based  on  radiosonde  data  from 
PMTC's  San  Nicolas  Island  (SNI).  Based  on 
a summary  of  the  results  the  study  concluded 
that  the  REG  offered  no  improvement  over  random 
procedures.  However,  since  a large  number  of 
soundings  taken  from  SNI  were  launched  from 
atop  the  island  station  at  570  feet  mean  sea 
level  (MSL) , the  data  can  not  be  directly  used 
in  verifying  surface-based  ducts  over  the  ocean. 

An  overall  summary  of  REC  performance  would 
thus  seem  to  be  varied.  In  terms  of  its  feasi- 
bility as  a procedure,  it  performs  well  because 
of  its  simplicity.  As  a planning  guide,  as  a 
predictive  tool  in  regions  where  elevated  ducts 
are  frequent,  under  Electro-Magnetic  Control 
(EMCON)  conditions,  and  as  an  educational  tool. 


the  REG  approach  has  the  potential  to  be  an 
asset.  On  the  other  hand,  it  is  apparent  from 
the  NOSC  evaluations  and  Fleet  experience  that 
there  are  major  discrepancies  in  the  synoptic- 
refractive  relationship  portrayed  in  the  initial 
REG.  The  fundamental  question  is  how  quantita- 
tive can  this  relationship  be  established  and 
can  it  be  made  reliable  enough  for  Fleet  use. 

Thus  the  basic  premise  of  quantitatively  inferring 
sub-synoptic  considerations  is  challenged. 
Meteorologically,  such  a,  relationship  must  exlBt 
consistent  with  current  capabilities  of  weather 
prediction  for  other  parameters  and  conditions 
associated  with  air  mass  properties.  The  degree 
to  which  this  can  be  reliably  done  however 
depends  on  continued  detailed  research  and  data 
evaluation  such  as  that  encouraged  and  supported 
by  NOSC. 

4.  THE  PHYSICAL  BASIS  FOR  A SYNOPTIC  REFRACTIVE 

RELATIONSHIP 

The  justification  for  an  investment  of 
effort  in  developing  refractive  prediction 
techniques  from  synoptic  considerations  must  be 
based  not  only  on  the  experience  or  knowledge  of 
individual  radio-meteorologists  but  also  on 
well-established,  fundamental  principles  reflected 
either  in  long  term  statistics  or  in  a descriptive 
model  with  a physical  basis.  Supporting  meteoro- 
logical and  physical  evidence  of  this  nature  is 
discussed  in  the  following  sections. 
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KAN  SEA  LEVEL  PRESSURE  IN  JANUARY  (MR)  ADOPTED  FROM:  MAURSHTZ 


Figure  4a.  Winter  Sea  Level  Pressure  and  Duct  Climatology  (Purves) 
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HOUMUTT  ESTMATES  Of  DUCT1RG  LTRS  - AUGUST  (FROM  PURVES) 
■CAN  SEA  LEVEL  PRESSURE  IN  JOLT  MO)  AOOPTEO  f ROM  HAURMTZ 


Figure  4b.  Summer  Sea  Level  Pressure  and  Duct  Climatology  (Purves) 
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4.1  Climatology 

If  a synoptic-refractive  relationship  exists, 
it  is  reasonable  to  expect  that  this  will  be 
reflected  in  climatological  or  time-averaged 
depictions  of  surface  weather  conditions.  Maps 
of  mean  surface  pressure  patterns  (MSL  pressure) 
are  shown  in  Figures  4a  and  4b  for  the  months  of 
January  and  July  (mid-winter  and  summer  months) 
from  standard  references  on  climatology  by 
Haurwltz  and  Austin  (1944).  These  maps  show 
mean  strong  high  pressure  regions  over  sub- 
tropical oceans  in  both  hemispheres,  especially 
in  the  Atlantic  and  Pacific  Oceans.  Super- 
imposed on  the  pressure  patterns  are  similar 
time-averaged  maps  developed  by  Purves  (1974) 
for  probability  of  encountering  ducting  layers. 

It  is  apparent  that  the  regions  depicting 
ducting  probabilities  of  45-60X  and  greater 
coincide  with  the  subtropical  high  pressure 
areas  in  both  hemispheres.  Moreover,  there  is  a 
strong  tendency  for  the  highest  ducting  probabili- 
ties as  determined  by  Purves  to  be  located 
within  the  eastern  and  equatorward  sectors  of 
the  anticyclones  where  subsidence  is  normally 
greatest  and  Inversions  typically  strong  and 
low. 

To  lend  more  credence  to  the  climatological 
agreement,  comparisons  were  also  made  between 
the  over-ocean  pressure  patterns  adapted  from 
Haurwitz  with  Independent  duct  statistics 
derived  from  a world-wide  study  by  Ortenburger 
(1973)  using  extensive  radiosonde  measurements 
and  computer  analysis.  When  the  annual  ducting 


frequencies  from  the  latter  (Figures  5a  and 
5b)  are  compared  with  surface  pressure  patterns, 
the  same  correlation  is  noted  as  earlier  with 
the  regions  of  greatest  ducting  frequencies 
(i60X)  coinciding  with  the  most  part  with  the 
eastern  and  equatorward  sectors  of  the  sub- 
tropical anticyclones. 

4. 2 Meteorological  Structure  and  Models 

If  a synoptic-refractive  relationship  can 
be  observed  through  climatological  statistics, 
it  does  not  seem  overly  optimistic  to  expect 
this  relationship  to  be  exhibited  in  individual 
case  studies  based  on  physical,  dynamical  and 
air  mass  considerations.  A great  deal  of  past 
work  in  both  synoptic  meteorology  and  radio- 
meteorology  is  supportive  in  building  a case 
for  such  a synoptic-refractive  relationship. 
Noonkester  and  Hitney  (1974)  provided  an 
excellent  overview  and  chronology  of  radio- 
meteorological  work  from  the  late  40' a through 
early  70' s when  much  of  the  pioneering  work  was 
done.  A significant  point  in  their  discussion 
is  the  sensitivity  of  refractivitv  conditions 
to  the  distribution  of  moisture  associated  with 
air  masses  and  other  synoptic  features,  as  well 
as  the  vertical  motion  field  which  affects  the 
profile  of  both  moisture  and  temperature.  A 
three-dimensional  view  of  meteorological 
conditions  is  therefore  essential  to  describing 
and  predicting  refractivity  conditions  even 
though  for  the  most  critical  applications 
results  may  be  best  demonstrated  or  applied 
near  the  surface. 


4.2.1  Three-Dimens tonal  Structure 

Some  of  the  earlleat  work  In  synoptic 
meteorology  analyzed  in  detail  the  three- 
dimenaional  structure  of  cyclones  and  anticyclones. 
Pettersen  and  Namias  (1940)  described  subtropical 
anticyclones  separated  by  cols  into  cells  on 
the  order  of  4,000  to  9,000  kilometers  (km)  in 
dimension.  They  also  showed  that  due  to  the 
nature  of  the  anticyclones  circulation,  air  in 
the  eastern  parts  of  the  cells  will  be  more 
stable  than  in  the  western  parts.  This  agrees 
with  the  climatological  distributions  shown  in 
Figures  4 and  5 where  duct  frequency  was 
greatest  over  the  eastern  parts  of  the  subtropical 
highs.  From  a discussion  of  the  hydrostatic 
equation  it  was  also  shown  that  the  subtropical 
anticyclone  tilts  westward  and  equatorward  with 
height  and  that  subsidence  occurs  within  the 
cell  to  compensate  for  frictional  outflow  near 
the  surface.  Th  3 the  air  aloft  in  anticyclones 
is  typically  dry  and  characteristic  of  a Superior 
air  mass.  Poleward  of  the  subtropical  highs 
are  cyclones  and  fronts  separating  contrasting 
air  masses.  Figure  6 schematically  illustrates 
the  moisture  field  typically  associated  with 
a mid-latitude  disturbance  following  the 
discussions  of  Namias  and  Petterssen  (1940). 

A moist  tongue  is  observed  to  flow  poleward 
along  and  ahead  of  the  cold  front,  spreading 
along  the  warm  front  to  the  east  and  around  the 
low  center  to  the  west.  As  the  moist  air  moves 
poleward,  it  also  ascends  so  that  humidity  may 
increase  with  height  near  the  warm  front 
(resulting  in  sub-refractive  conditions). 

Nearer  the  western  half  of  the  anticyclone  in 
the  warm  air,  a dry  tongue  may  ascend  so  that 
humidity  decreases  with  height  (resulting  in 
super-refractive  conditions). 


Figure  6.  Moisture  Distribution  Associated  with 
Typical  Frontal  and  Cyclonic  System  (adapted  from 
Namias) 


Godske,  Bergeron,  Bjerknes  and  Bundgaard 
(1957)  and  Wexler  and  Bjerknes  (1957)  continued 
development  of  the  three-dimensional  structure 
of  anticyclones  and  cyclones.  They  described 
air  flow  and  compensating  covergence/di vergence 
patterns  associated  with  highs  and  lows  as 


shown  schematically  in  Figure  7.  The  low  and 
high  centers  tilt  westward  with  height  with  the 
trough  lines  remaining  within  a region  of 
convergence  and  the  ridge  line  remaining  within 
a region  of  divergence.  In  general  low  level 
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Figure  7.  Vertical  Motion  and  Divergence  Patterns 

Associated  with  Typical  Waves  in  the  Westerlies 

(adapted  from  Codske,  Bjerknes  et  al) 

covergence  is  capped  by  a divergent  flow  of  air 
aloft  and  low  level  divergence  is  capped  by 
convergence  of  air  aloft.  To  prevent  air  from 
piling  up  or  being  depleted,  rising  currents  of 
air  precede  troughs  and  subsiding  currents 
follow  troughs  (or  precede  ridges).  While 
rising  currents  tend  to  destroy  refractive 
stratifications,  subsiding  currents  produce 
inversions,  super- refractive  conditions  and 
ducts,  particularly  over  the  eastern  sides  of 
the  subtropical  highs  as  was  shown  on  a statisti- 
cal basis  in  Figures  4 and  5.  Well-defined 
inversions  are  common  in  the  eastern  parts  of 
subtropical  highs,  becoming  weaker  and  higher 
toward  the  west.  This  leads  to  higher  and 
weaker  elevated  ducts  in  the  western  region  of 
the  high  cells.  As  the  marine  air  beneath  the 
Inversion  moves  towards  warmer  waters  south  and 
west  of  the  high  cells,  it  is  heated  from  below 
at  the  same  time  that  radiatlonal  cooling 
occurs  from  cloud  tops  at  the  inversion  base. 

This  results  in  a well-mixed,  increasingly  deep 
marine  layer  which  favors  near  standard  refrac- 
tivity  conditions  in  the  lowest  region. 

4.2.2  Alrmass  Considerations 

Due  to  the  vertical  motion  field  associated 
with  anticyclones,  horizontal  spreading  of  air 
occurs  at  low  levels  resulting  in  air  masses 
with  nearly  uniform  air  characteristics  over 
appreciable  distances  in  the  horizontal.  Air 
mass  properties  are  highly  influenced  by  the 
nature  of  the  surface  over  which  they  formed  or 
move,  being  usually  characterized  as  continental 
(c),  maritime  (m) , polar  (P) , or  tropical  (T) 
in  nature.  Thus,  maritime  tropical  air  (designated 
mT)  is  warm  and  moist,  continental  polar  air 
(designated  cP)  is  cold  and  dry.  Dry,  subsiding 
air  such  as  that  found  above  the  inversion 
within  anticyclones  is  often  designated  as 
Superior  (S)  air.  Due  to  the  widely  varying 
moisture,  temperature  and  stability  characteristics 
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of  different  air  maesee,  refractlvlty  conditions 
generally  differ  markedly  from  air  mass  to  air 
mass  depending  on  Its  origin  and  the  surface 
over  which  it  moves. 

A number  of  Investigators  have  examined 
Individual  synoptic  air  mass  features  for  their 
Impact  on  radio  propagation.  Nearly  all  of 
these  earlier  studies  however,  involve  cases 
over  continental  regions  rather  than  over 
maritime  areas.  In  one  such  study  based  on 
conditions  over  the  U.  S.  Midwest,  Arvola 
(1957)  observed  that  when  horizontal  advection 
of  well  modified  polar  air  occurs  such  as  to 
the  rear  of  an  anticyclone  capped  by  a subsidence 
inversion,  conditions  are  very  conducive  to  the 
production  of  strong,  elevated  super-refractive 
layers.  In  general,  he  found  that  warm  highs, 
or  "dynamic”  highs  (highs  that  are  cold  at  the 
surface  and  warm  aloft)  are  best  for  elevated 
ducts.  The  subtropical  highs,  being  warm  are 
therefore  ideal  air  masses  for  producing 
elevated  ducts,  particularly  since  subsidence 
inversions  are  common  above  the  mixed  layer. 

Arvola  also  found  that  even  following  many 
squall  lines  and  for  some  rapidly  moving  cold 
fronts,  subsidence  of  air  may  also  produce 
elevated  ducts,  although  conditions  near  these 
features  are  on  the  average  probably  well-mixed 
and  near  standard.  In  a review  of  anticyclones, 
Wexler  (1957)  discusses  how  the  more  pronounced 
cases  of  subsidence  (and  therefore  super- 
retractive  conditions)  are  thought  to  occur 
with  the  transformation  of  polar  anticyclones 
to  warm  or  dynamic  anticyclones.  As  they  warm, 
they  tend  to  move  slower  than  would  shallow 
cold  (polar)  anticyclones.  When  capped  by 
subsidence  inversions,  the  top  of  the  inversion 
layer  generally  marks  the  top  of  the  true  cP 
air  mass.  Extensive  compilations  of  statistics 
relating  surface  and  low-level  refractlvlty 
conditions  to  air  mass  types  for  regions  around 
the  world  have  been  prepared  by  Bean,  O'aoon, 
Samson  and  Thayer  (1966)  and  by  Samso-.  (1976). 

4.2.3  Spatial  Extent  and  Hurl zontal ' , 

The  notion  of  air  mass  uniformity  is  a 
source  of  constant  concern  and  needs  to  be  put 
into  perspective  for  its  Impact  on  refractlvlty 
considerations.  On  the  one  hand,  there  are  a 
variety  of  small  scale  perturbations  or  wave 
motions,  some  of  which  are  highly  significant 
to  radio  propagation,  which  are  superimposed  on 
the  basic  air  flow  at  various  times  and  locations. 
They  are  detectable  by  aircraft  and  conventional 
atmospheric  sampling  methods  such  as  by  Edinger 
and  Wurtele  (1971);  by  special  remote  sensing 
systems  such  as  the  FM-CW  radar  developed  and 
described  by  Richter  (1969)  and  discussed  by 
Cossard,  Richter  and  Atlas  (1970);  and  on  a 
much  larger  scale  by  satellite  sensing  as 
described  by  Rosenthal  and  Posson  (1977)  and 
Noonkester  and  Hitney  (1974).  Carr  (1960)  and 
Glevy  (1976)  also  studied  the  horizontal 
uniformity  of  meteorological  features  signifi- 
cant to  radio  propagation.  The  latter  concluded 
as  did  most  of  the  other  investigators  that 
mesoscale  features  such  as  eddies,  squalls  and 
other  perturbations  are  roost  frequently  observed 
near  coastlines  and  topographic  Influences. 

Over  the  open  sea,  such  features  are  apparently 
comparatively  rare,  so  that  synoptic-refractive 
relationships  may  be  expected  to  work  better 
over  the  open  ocean  than  near  land. 


A great  deal  of  data  have  been  compiled 
which  show  that  air  mass  characteristics  and 
meteorological  features  do  have  an  appreciable 
horizontal  extent.  For  instance,  Noonkester 
and  Hitney  (1974)  and  Hitney  (1975)  describe 
cross  sections  of  radio-meteorological  aircraft 
measurements  made  off  the  coast  of  California 
between  San  Diego  and  Guadalupe  Island  in  1948 
in  which  refractive  features  extended  more  than 
200  miles  to  sea  from  the  mainland.  Nelburger 
(1961)  did  a pioneering  study  in  which  he 
showed  the  subtropical  inversion  to  extend  in 
the  average  from  the  coast  of  California  to  the 
Hawaiian  area.  While  average  conditions  do  not 
reflect  the  interruptions  and  variations 
associated  with  individual  moving  weather 
patterns,  the  persistency  of  this  feature 
during  summer  in  the  North  Pacific  is  so  great 
that  it  may  closely  approximate  the  average 
picture  at  any  particular  time. 

The  persistence  of  the  subtropical  inversion 
in  time  at  a single  location  is  also  high. 
Rosenthal  (1965,  1972)  described  the  continuity 
of  the  inversion  at  San  Nicolas  Island  (Figure  8) 
and  described  how  large  scale  adiabatic  ascent 
of  air  can  explain  relatively  subtle  inversion 
height  fluctuations  which  correspond  to  the 
Influence  of  transient  synoptic  troughs  and 
ridges.  The  persistence  of  the  inversion  over 
the  Eastern  Pacific  during  the  warmer  months  is 
also  indicated  by  time-averaged  statistics  for 
Point  Mugu  compiled  by  Lea  (1968)  and  de  Violini 
(1967)  of  marine  stratus  behavior  which  is 
closely  related  to  the  subtropical  inversion. 


Figure  8.  Daily  Inversion  Heights  at  San  Nicolas 
Isla  d for  0000Z,  1 April  1964  through 
1 April  1965. 


While  meteorological  features  of  concern  to 
radio  propagation  are  thus  observed  to  exhibit 
considerable  spatial  and  temporal  uniformity, 
it  is  Important  to  note  that  their  extent  is 
not  completely  horizontal.  For  Instance, 
abrupt  slopes  are  frequently  observed  near 
frontal  boundaries,  land  features  and  near 
sharp  gradients  in  sea  surface  temperature  as 
was  noted  earlier  for  eddies  and  squalls. 

Subtle  slopes  are  common  within  large  air 
masses  and  within  oceanic  subtropical  high 
pressure  cells. 
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Not  uncommonly,  both  small  scale  variability  for  refractivity  assessments  or  predictions 

and  large  scale  uniformity  may  occur  simul taneously  over  regions  covering  several  hundred  miles 

so  that  the  question  of  horizontal  h n ; • it  is  across,  the  cellular  variability  may  constitute 

often  a matter  of  degree.  For  instance,  in  only  minor,  operationally  unimportant  embell- 

the  satellite  picture  shown  in  Figure  9,  the  ishment  to  a region  describable  by  a single 

array  of  cloud  cells  suggests  some  fluctuation  refractivity  profile.  For  other  purposes,  the 

in  marine  layer  depth.  This  occurs,  however,  cellular  detail  may  be  operationally  important, 

in  a regular  manner  over  a vast  region  marked  Studies  are  being  conducted  at  PMTC  to  quanti- 

by  inversion-capped  marine  layer  conditions.  tatively  determine  the  extent  of  horizontal 

The  importance  of  this  variability  or  lack  of  homogeneity  over  the  oceans  using  satellite 

it,  depends  on  the  specific  application.  Thus,  imagery. 
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From  studies  conducted  so  far,  it  appears 
that  over  the  ocean,  particularly  away  from 
land  masses  and  frontal  boundaries,  the  assump- 
tion of  refractive  horizontal  homogeneity  is 
generally  acceptable  for  distances  on  the  order 
of  a few  hundred  miles  in  radius  from  a given 
atmospheric  profile  measurement.  This  means 
that  propagation  assessments  under  such  conditions 
can  probably  be  made  from  a single  refractivity 
profile  in  agreement  with  Glevy's  (1976)  conclusion. 
For  distances  involving  several  hundreds  of 
miles  or  more,  or  in  instances  with  clear 
synoptic  or  mesoscale  influence,  different 
refractive  structures  must  be  used  for  different 
air  maaa  segments  based  on  additional  direct 
measurements,  climatology  or  synoptic  solutions 
such  as  are  employed  in  the  REG  concept. 


4.2.4  Meteorological  and  Refractive  Models 

Interest  by  radio  meteorologists  in  developing 
a descriptive  model  relating  synoptic  to  refractive 
conditions  followed  from  recognition  that 
refractive  conditions  vary  with  air  mass 
properties.  Since  the  latter  are  predictable 
using  established  meteorological  principles,  it 
follows  that  there  is  a basis  for  expecting 
refractive  conditions  to  also  be  predictable. 

Bean  and  Dutton  (1966)  provided  much  of  the 
hssic  foundation  in  radio  meteorology  and 
emphasized  the  refractive  significance  of 
migratory  cyclones  and  anticyclones  in  middle 
latitudes.  They  noted  how  certain  surface 
patterns  and  vertical  refractivity  profiles 
occur  frequently  with  particular  types  of 
synoptic  systems  in  accordance  with  the  three- 
dimensional  structure  of  dynamic  systems 
discussed  earlier.  Reducing  the  station-to- 
statlon  variability  of  refractivity  by  converting 
values  from  conventional  N units  to  sea  level 
conditions.  Bean  formed  a basis  for  mapping 
refractivity  on  a synoptic  scale.  To  emphasize 
air  mass  contrast,  a new  refractive  index  'A' 
unit  was  defined  which  modifies  the  height 
dependence  of  refractivity  to  indicate  the 
departure  of  refractive  index  from  the  mean 
value  at  a given  level.  Synoptic  mapping  was 
then  attempted  by  Bean  for  an  actual  case  study 
for  a strong  polar  outbreak  over  the  U.  S.  in 
February  1952  accompanied  by  a surge  of  warm, 
moist  tropical  air  from  the  Gulf  of  Mexico. 

Sharp  contrast  in  refractivity  conditions  was 
observed  between  different  air  masses  with 
strong  horizontal  gradients  in  the  vicinity  of 
transition  zones  (fronts).  Based  on  these  case 
studies,  idealized  vertical  profile  diagrams  of 
cold  and  warm  fronts  were  then  constructed  in  A 
unite  to  typify  refractive-synoptic  events. 

Theee  ere  reproduced  here  from  a U.  S.  Navy 
publication  (1960)  for  the  Idealized  cold  front 
as  Figures  10a  and  10b.  In  Figure  10b  the  high 
A unit  values  correspond  to  the  warm  tongue 
near  the  surface  ahead  of  the  cold  front.  The 
strong  horizontal  gradient  of  A takes  place  In 
a narrow  zone  behind  the  cold  front  corresponding 
to  the  typical  sharp  decrease  of  humidity  and 
temperature  usually  noted  there.  Bean's 
models  Included  a tongue  of  high  A values  along 
the  Idealized  warm  frontal  surface  skewed 
towards  the  warm  side  to  reflect  the  gentle 
unglldlng  of  moist  air  along  the  frontal  surface 
commonly  observed  with  warm  fronts. 


Figure  10a.  Idealized  Diagram  of  a Fast-Moving 
Cold  Front  (from  U.S.  Navy  Weather  Research 
Facility  and  Bean). 
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Figure  10b.  Idealized  Cold  Front  in  A Units  (from 
U.S.  Navy  Weather  Research  Facility  and  Bean). 

The  concept  of  potential  refractivity 
employed  by  Bean  was  further  developed  by  Jehn 
(1960)  who  defined  a new  potential  refractive 
index  K in  terms  of  potential  vapor  pressure 
which  refers  N values  to  a reference  pressure 
level  of  1,000  millibars  (mb).  This  parameter 
is  also  very  useful  in  illustrating  refractivity 
contrast  across  air  mass  boundaries. 

While  the  attempts  of  Bean,  Jehn,  and 
others  to  describe  synoptic-refractive  relation- 
ships and  derive  meaningful  models  are  Illuminating 
and  an  essential  stepping-stone,  they  all 
suffer  from  one  drawback  with  respect  to  their 
application  to  the  REG,  - all  the  cases  considered 
were  for  over-land  situations.  What  is  needed 
is  a model  that  includes  over-ocean  conditions. 

One  of  the  most  useful  sources  of  descriptive 
models  of  synoptic  features,  though  not  directly 
applied  to  refractivity,  was  the  work  of  Elliott 
and  Thompson  (1965).  Their  models  were  derived 
by  a combination  of  objective  and  subjective 
information  including  statistical  summaries 
based  on  an  examination  of  over  300  ship  or 
coastal  soundings  and  near  simultaneous  Tiros 
satellite  coverage  from  regions  surrounding  the 


radiosonde  stations.  Figure  11  Is  an  idealized 
surface  synoptic  pattern  developed  by  Elliott 
and  Thompson.  Air  masses  are  divided  Into 
different  sectors  according  to  the  relationship 
of  the  air  mass  to  Its  source  region  or  other 
synoptic  features.  In  general,  the  surface  air 
mass  regions  are  categorized  Into  combinations 
of  cyclonic,  antlcyclonic , polar,  subtropical, 
pre-  and  post-frontal  factors.  A total  of  10 
sectors  was  defined  for  the  surface  model.  In 
many  respects,  these  sectors  closely  resemble 
the  REG  charts  which  were  constructed  for  each 
season  and  ocean  without  prior  knowledge  of 
the  Elliott-Thompson  models. 


1 Aollcyc  Ionic,  Returning  Polor,  Pro  Frontal 

2 Antlcyclonic,  Fr#,h  Polor,  Po,r  Frontal 

3 AntiCjC  lontc.  Returning  Polor,  Stationary  Front  to  South 
4.  Cyclonic,  Froch  Polor,  Pott  Frontal 

3 Cyclonic.  Polar,  North  of  Lott  Cantor 
& Cyclonic,  Pro  Frontal.  Occluded  or  Worm  Front, 

F Cyclonic,  Worm  Sector 

S Cyclonic,  or  Antlcyclonic.  Pro  Cold  Frontol  ( Nol  Warm  Sector) 

1 Antlcyclonic,  Stotionory  Front  to  North 
<J  Antlcyclonic,  Sub  Tropicol,  Any  Sector 

Figure  11.  Idealized  Surface  Synoptic  Pattern 
and  Air  Mass  Sectors  (from  Elliott  and  Thompson). 

A somewhat  related  depiction  Is  shown  In 
Figure  12  from  a study  by  Serebreny  and  Blackmer 
(1974).  This  effort  Involved  correlating  data 
from  the  meteorological  Application  Technology 
Satellites  with  radio  signal  data  for  a 13- 
month  period  in  the  Phillppine-Taiwan-Oklnawa 
area.  Based  on  the  data  collected  and  observa- 
tions made,  a descriptive  model  was  developed 
which  shows  higher  than  average  signal  levels 
both  between  cells  of  the  subtropical  high  (in 
warm  moist  air)  as  well  as  In  moist  pre-frontal 
air.  Mean  signal  levels  are  depicted  somewhat 
lower  than  the  long  term  average  In  the  vicinity 
of  cold  fronts,  and  in  the  cold  air  behind 
f ronts. 

In  an  earlier  study  by  Clarke  (1967)  using 
radiosonde  data  from  Argentla,  Newfoundland, 
attempts  were  made  to  relate  the  heights  of 
super-refractive  layers  to  migratory  polar  (cP) 
highs  moving  Into  the  Western  Atlantic  area 
between  latitude  55°  and  60°N.  A tentative 
model  was  developed  (Figure  13)  which  shows  the 
topography  of  the  main  super-refractive  layer 
In  thousands  of  feet  with  greatest  confidence 
assigned  to  heights  within  the  high  pressure 
regions. 


Figure  12.  Qualitative  Model  of  Changes  In 
Daily  Median  Signal  Levels  Associated  with  Synoptic 
Features  (from  Serebreny  and  Blackmer). 
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Figure  13.  Topography  of  Main  Super-Refractive 
Layers  Associated  with  Synoptic  Features  Off 
Argentla,  Newfoundland  (from  Clarke). 


Of  particular  Interest  is  that  the  lowest 
layer  altitudes  found  were  located  within  the 
northwest  sectors  of  the  highs  rather  than  over 
the  eastern  sides  a6  has  been  described  or 
deduced  from  other  studies.  Possible  explanations 
for  this  include  a more  complicated  or  random 
relationship  than  assumed,  or  a different 
structure  for  continental  polar  air  masses  In 
the  Western  Atlantic  than  for  warmer  tropical 
and  subtropical  highs.  A third  explanation 
might  be  a possible  bias  due  to  location  such 
that  high  centers  at  these  latitudes  most 
frequently  passed  south  of  the  radiosonde 
station  affording  few  chances  for  sampling  in 
the  eastern  and  southern  quadrants.  Layer 
heights  in  the  vicinity  of  cold  fronts  and  low 
centers  are  relatively  high  (and  presumably 
weak)  in  good  agreement  with  earlier  considera- 
tions. A region  of  high  layer  heights  between 
the  high  center  and  an  advancing  warm  front  is 
unexplained. 

Synoptic-refractive  relationships  have  been 
Investigated  in  other  regions  of  the  world  and 
correlations  noted.  For  instance,  Gjesslng 
(1967)  found  that  radio  signal  strength  over 
the  North  Sea  was  related  to  the  temperature- 
dewpoint  difference  at  850  mb.  Higher  signal 
strengths  were  correlated  with  larger  temperature 
differences,  presumably  reflecting  a likelihood 
of  a super-refractive  layer  between  the  relatively 
moist  surface  and  the  850  mb  level  when  the 
latter  la  dry. 


Mixed  results  were  noted  however  In  a 
recent  statistical/  pattern  recognition  study 
performed  by  Cuming*  Caton  and  Kalinyak  (1977) 
and  summarized  by  Sweet  (1979).  Tasked  to 
determine  objectively  the  existence  of  typical 
patterns  reflecting  a synoptic-refractive 
relationship,  efforts  were  unproductive.  Data 
used  were  6,922  upper-air  soundings  recorded  by 
radar  picket  ships  from  October  1956  through 
June  1965  matched  against  the  archived  records 
of  pressure  height  fields  for  three  different 
wave  component  scales  using  the  Rapid  Analogue 
Selection  System.  The  authors  cited  deficiencies 
in  the  synoptic  and  refractive  data  bases  used 
as  likely  explanations.  On  the  other  hand, 
climatological  statistics  compiled  from  the 
data  revealed  clear  correlations  that  would 
infer  a likely  synoptic-refractive  relationship. 
For  instance,  in  the  southernmost  zone  studied, 
high  500  mb  heights  were  associated  with  a 
trapping  probability  of  75%,  and  a 500  mb  wind 
direction  of  270°  t0  315  (ne  quadrant  of 
anticyclones)  with  a trapping  probability  of 
85%. 

The  foregoing  discussions  provide  abundant 
examples  and  support  for  confidence  in  a 
predictable  synoptic-refractive  relationship 
for  general  propagation  assessments.  This 
includes  a sound  basis  for  expecting  ducting  to 
be  most  prevalent  in  the  eastern  sides  of 
anticyclones  with  some  exceptions.  In  terms  of 
REG  development,  a question  remains  of  how 
quantitative  and  with  what  confidence  can  such 
relationships  be  made. 

4. 3 Recent  Studies  at  PMTC 

In  an  effort  to  provide  a more  quantitative 
basis  for  REC  modification  and  development,  and 
to  document  hypotheses  with  actual  case  studies, 
several  separate  studies  have  been  conducted  at 
PMTC.  These  utilized  two  data  bases  of  radiosonde 
data  received  from  the  Navy  Detachment  at  the 
NCC,  Asheville,  North  Carolina,  one  for  Ocean 
Stations  NAN  and  PAPA  for  1967,  and  one  for  16 
stations  for  the  mid-season  months  for  1974 
used  in  the  REC.  Both  are  supplemented  with 
synoptic  charts.  These  studies  are  briefly 
described  as  follows: 

4.3.1  Use  of  1967  NAN  and  PAPA  Data  Base 


latitude,  longitude,  date  and  both  local  and 
Creenwlch  time  are  also  noted.  These  plots 
afforded  the  opportunity  to  examine  refractivity 
profiles  while  comparing  them  with  synoptic 
events  depicted  on  facsimile  charts. 

One  of  the  first  studies  attempted  was  to 
evaluate  the  performance  of  the  REG  by  using 
NAN  and  PAPA  data  for  verification.  Synoptic 
charts  were  compared  with  the  REC  seasonal 
chart  according  to  the  prescribed  procedure. 

The  synoptic  location  of  NAN  and  PAPA  (the 
location  of  these  stations  on  a given  map  with 
respect  to  synoptic  features  and  air  masses 
rather  than  geographic  location)  were  then 
superimposed  on  a printed  copy  of  the  REG 
chart  so  that  REG  profile  types  could  be 
determined.  These  REG  solutions  were  then 
verified  by  comparison  with  sounding  data 
actually  obtained  for  the  station.  For  the 
relatively  few  comparisons  made,  results  were 
fair  in  prediction  of  elevated  ducts  at  ship 
NAN.  Elevated  ducts  occurred  when  they  were 
predicted  but  the  predicted  heights  were 
frequently  too  high  by  one  profile  classification. 
REG  predictions  for  PAPA  were  fairly  good  but 
few  ducts  were  encountered  at  this  more  north- 
erly station.  Since  deficiencies  in  the  initial 
REC  were  already  apparent,  the  available  effort 
was  diverted  towards  more  productive  investiga- 
tions. 

One  of  these  involved  direct  comparison  of 
NAN  and  PAPA  profiles  with  facsimile  weather 
charts  to  determine  if  trends  in  height  did  in 
fact  correlate  with  synoptic  events.  For  the 
period  studied,  anticyclonic  conditions  were 
found  to  correlate  with  low  duct  heights  and 
warm  temperatures  aloft.  Two  ships  were 
involved  in  measurements  at  NAN  (one  on  station 
and  one  in  transit  between  the  mainland  and 
30°N  140°W) . When  both  ships'  data  were 
available,  it  was  observed  that  the  more 
northeastern-located  vessel  was  more  responsive 
to  synoptic  changes.  This  is  consistent  with 
what  one  might  expect  given  the  greater  defini- 
tion and  amplitude  of  disturbances  within  the 
higher  latitude  belt  of  westerlies.  The 
general  experience  with  the  NAN  and  PAPA  data 
was  that  a fair  correlation  was  noted  between 
duct  occurrence  and  the  southeast  quadrant  of 
anticyclones  but  large  variability  was  also 
noted. 


Computer  programs  were  developed  to  calculate 
and  graphically  plot  several  meteorological  and 
refractivity  parameters.  Data  cards  containing 
the  basic  sounding  data  were  keypunched  and 
processed  on  the  CDC  3100  and  Galcomp  Plotter 
systems.  Figure  14  is  an  example  of  the 
graphical  output  showing  separate  vertical 
profiles  for  NAN  and  PAPA.  Parameters  Include 
Modified  Refractivity  (M) , Temperature  (T), 
Potential  Temperature  (PT)  and  Mixing  Ratio 
(W) . The  plots  on  the  left  indicate  the 
distributions  through  most  of  the  troposphere 
from  the  surface  to  25,000  feet.  The  plots  on 
the  right  show  the  expanded  scale  distributions 
through  the  lower  atmosphere  from  the  surface 
to  6,000  feet.  At  the  right-hand  edge  of  each 
plot  is  a bar  graph  diagram  reflecting  the 
magnitude  of  the  refractive  index  gradient 
between  successive  layers.  Where  the  horizontal 
bars  reach  or  exceed  the  dotted  lines  to  the 
left,  ducting  la  indicated.  Ship  names. 


Figure  14.  Example  of  Sounding  Plot  for  Statlona 
NAN  and  PAPA. 
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4.3.2  Use  of  1974  Multi-Station  Data  Base 

The  comprehensiveness  of  the  1974  data 
bases  used  In  developing  the  REG  offers  greater 
opportunities  for  finding  meaningful  synoptic- 
refractive  relationships  and  case  studies.  In 
order  to  adequately  manipulate  the  data,  a 
large  amount  of  radiosonde  data  from  the  16 
locations  obtained  were  reviewed  and  punched  on 
cards  into  digital  form.  As  in  the  case  with 
the  NAN  and  FAPA  data,  computer  programs  were 
then  developed  to  compute  meteorological  and 
refractive  parameters  from  the  basic  data,  and 
to  graphically  plot  vertical  profiles  using  the 
CDC  3100  and  Cal  Comp  plotter.  Tabular  printouts 
listing  pressure,  height,  temperature,  potential 
temperature,  relative  humidity,  mixing  ratio  and 
refractive  index  were  also  made  for  each  sounding. 
The  data  bases  are  now  on  magnetic  tape. 

4. 3.2.1  Case  Studies 

Based  on  inspection  of  the  computer-generated 
vertical  profiles,  several  sequences  were 
selected  for  Bermuda  in  the  Atlantic  Ocean  and 
Midway  in  the  Pacific  to  study  and  illustrate 
the  response  of  temperature  and  humidity 
structure  (and  hence  refractivity)  to  synoptic 
influence.  Temperature  (solid  lines)  and 
humidity  (dashed  lines)  were  obtained  directly 
from  the  original  plots  on  the  DODWPC  9-31A 
adiabatic  diagrams.  Small  dashed  and  dotted 
lines  generally  indicate  the  height  of  the  top 
and  base  of  the  inversion  respectively  based  on 


laentropic  analysis.  Appropriate  regions  of 
synoptic  influence  were  defined  and  obtained 
directly  from  the  hemispheric  surface  analyses 
obtained  from  Asheville.  The  case  studies  all 
show  a consistent  pattern,  with  Inversions 
(typically  associated  with  ducts)  being  lowest 
when  antlcyclonlc  Influence  Is  greatest. 

Layers  were  found  to  rise  and  weaken  with  the 
approach  of  frontal  systems.  Figure  15  shows  a 
time  sequence  of  temperature  and  humidity 
profiles  and  accompanying  surface  charts  in 
which  this  response  to  synoptic  features  Is 
illustrated  for  a case  study  for  Bermuda  for 
the  period  4-7  April  1974.  On  4 April,  even  though 
a weak,  dissipating  front  approaches  and  passes 
the  station  from  the  north,  a low  strong  inversion 
and  shallow  marine  layer  are  maintained  with  a 
Superior  air  mass  above.  This  is  due  to  the 
general  increase  in  antlcyclonlc  conditions 
over  the  area  as  reflected  In  higher  surface 
pressures  over  the  region.  However,  beginning 
on  the  5th,  the  approach  from  the  west  of  a 
more  vigorous  frontal  system  and  the  convergent 
flow  in  advance  of  It  is  reflected  In  a raising 
and  weakening  of  the  inversion  with  corresponding 
Increase  in  marine  layer  depth.  By  00Z  on  the 
7th  with  the  imminent  passage  of  the  front,  the 
inversion  has  been  destroyed.  Although  there 
is  some  humidity  data  missing,  there  Is  evidence 
of  a general  increase  in  moisture  aloft  in 
advance  of  the  front.  As  high  pressure  begins 
to  build  once  again  at  12Z  on  the  7th  shortly 
after  frontal  passage,  weak  inversions  and  a 
shrinking  of  the  moist  layer  also  reappear. 


Figure  15.  Surface  Synoptic  Charts  and  Vertical  Profiles  of  Temperature  and  Relative  Humidity 
for  Bermuda,  4-7  April  1974  (Potential  Temperatures  on  Profiles  in  Degrees  Kelvin). 
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4. 3. 2. 2 Objective  Studies 


The  review  of  climatological  statistics  and 
patterns,  physical  considerations,  models 
developed  by  other  investigators,  and  individual 
case  studies  has  provided  strong  encouragement 
that  there  is  a synoptic-refractive  relationship 
usable  in  a predictive  sense.  With  this 
renewed  optimism,  objective  studies  have  been 
initiated  using  the  extensive  1974  data  bases 
for  the  mid-season  months  with  the  goal  of 
developing  statistics  which  reflect  the  synoptic 
preferences  for  duct  probability. 

A variety  of  parameters  have  been  defined 
based  on  strong  suspicions  or  experience  as 
correlators  with  ducting  conditions.  These 
include  isobaric  curvature  (anticyclonic , 
neutral  or  cyclonic),  proximity  to  anticyclone 
center,  anticyclone  quadrant,  proximity  to 
fronts,  size  of  anticyclone,  pressure  increase 
to  center  of  high,  pressure  gradients,  distance 
to  cyclones  and  others.  These  parameters  must 
be  determined  for  each  station  Individually 
from  actual  synoptic  charts.  In  addition,  a 
variety  of  parameters  directly  available  on 
tape  from  the  digitized  1974  data  bases  were 
also  considered  such  as  station  pressure,  850 
mb  temperature,  surface  wind  direction,  and  the 
temperature  difference  between  700  mb  and  the 
surface.  Since  ducting  is  most  frequent  in  the 
subtropical  regions,  emphasis  was  concentrated 
o..  '-omparative  data  from  the  five  subtropical/ 
temperate  latitude  radiosonde  stations  available, 
Bermuda,  Terceira,  Ship  H,  Midway  Island  and 
Ship  NAN.  Data  for  NAN  and  Ship  H were  available 
only  for  January  and  April.  It  should  be 
pointed  out  that  a few  ducts  formed  solely 
by  surface  point  effects  on  radiosonde  soundings 
were  excluded  because  of  temperature-induced 
humidity  errors  as  described  by  Helvey  (1979). 

Tables  1 through  18  present  some  examples 
of  these  statistical  comparisons.  Each  table 
Includes  a tentative  conclusion  derived  from 
the  data  as  presented.  It  should  be  noted  that 
computations  of  duct  frequency  were  derived  for 
100-foot  levels  starting  from  the  surface. 

Since  a typical  duct  is  usually  more  than  200 
feet  in  thickness,  ducts  will  often  overlap  two 
or  more  such  levels.  In  addition,  multiple 
ducts  sometimes  occur.  Therefore,  sumnation  of 
duct  frequencies  for  all  altitudes  may  exceed 
1001  and  some  ducts  may  be  counted  several 
times. 

4. 3. 2. 2.1  Bermuda 


Table  1 

Bermuda  Duct  Frequency  at  Function  ot 
ISOBAR  CURVATURE 


DUCT  FREQUENCY 

ANTICYCLONIC 
CURVATURE  (1) 

124 

NEUTRAL 
CURVATURE  (2) 

104 

CYCLONIC 
CURVATURE  (3) 

Tentative  Conclusion  ■ 
likely  with  anticyclonic 

72 

- Ducting  at  Bermuda  is  more 
surface  Isobar  curvature. 

Table  2 

Bermuda  Duct  Frequency  at  Function  ot 
DISTANCE  TO  CENTER  OF  HIGH 


DISTANCE 

DUCT  FREQUENCY 

(in  degrees  latitude) 

0 to  5 

194 

5 to  10 

122 

10  to  20 

115 

20  TO  40 

84 

Tentative  Conclusion  - Ducting  at  Bermuda 
is  more  likely  with  proximity  to  the  center  of 
high  pressure  areas. 


*(lt  should  be  noted  that  category  Intervals 
are  not  equal  in  order  to  provide  sufficient 
sample  numbers  for  statistical  significance.) 


Table  3 

Bermuda  Duct  Frequency  as  Function  ot 


SEA  LEVEL  PRESSURE 

SEA  LEVEL 

PRESSURE  (mb) 

DUCT  FREQUENCY 

1000  - 1012 

49 

1012  - 1020 

89 

1020  - 1050 

141 

Tentative  Conclusion  - Ducting  at  Bermuda 
is  much  more  likely  with  higher  sea  level 
pressures  than  with  lower  pressures. 


Table  d 

Bermuda  Duct  Frequency  at  Function  ot 
HIGH  PRESSURE  AREA  QUADRANT 


QUADRANT  OF  HIGH 

DUCT  FREQUENCY 

NE 

(INSUFFICIENT  DA' 

SE 

66 

SW 

104 

NW 

147 

Tentative  Conclusion 

- Ducting  at  Bermuda 

is  more  likely  in  the  western  quadrants  of  a 
high  pressure  area.  It  is  contrary,  however  to 
all  other  indications  of  duct  occurrence  which 
show  ducting  to  be  most  likely  in  the  eastern 
quadrants  of  anticyclones.  It  may  be  that  this 
relationship  is  more  complicated  (or  more 
inconclusive)  in  this  part  of  the  Atlantic  due 
to  a comnon  westward  extension  from  the  main 
part  of  the  Atlantic  subtropical  high  usually 
referred  to  as  the  "Bermuda  High". 


Table  5 


■ 


I 


! 


1 

I 


4 


Bermuda  Duct  Frequency  at  Function  et 
700  MB  TEMPERATURE 


700  MB  TEMPERATURE  (°C) 

DUCT  FREQUENCY 

-10  TO  0 

51 

0 TO  10 

98 

0 to  5 

126 

Tentative  Conclusion  - Ducting  at  Bermuda 
Is  more  likely  with  700  mb  temperatures  Just 
over  0°  C. 


Table  ( 

Bermuda  Duct  Frequency  at  Function  of 
SURFACE  WIND  DIRECTION 


"QUADRANT" 

SURFACE  WIND 
DIRECTION 

DUCT  FREQUENCY 

SE 

000°  - 060° 

50  (22  soundings) 

sw 

060°  - 120° 

61  (18  soundings) 

SW  - NW 

120°  - 180° 

69  (23  soundings) 

NW 

180°  - 240° 

1 

35  (79  soundings) 

1 

NE 

2<40°  - 300° 

50  (68  soundings) 

NE  - SE 

j 

300°  - 360"  | 

44  (27  soundings) 

CALM 

0 

1 Al  L 

47 

Tentative  Conclusion  - A double  maximum  In 
Bermuda  duct  frequency  Is  observed  with  primary 
maximum  in  the  southwest  to  northwest  quadrants 
which  is  in  agreement  with  observations  from 
Table  4.  A secondary  maximum  is  observed  in 
the  northeast  quadrant. 

•Anticyclone  quadrant  can  be  inferred  from 
surface  wind  direction.  Assuming  that  cyclonic 
wind  systems  are  smaller  in  area  and  can  be 
Ignored  for  this  purpose,  quadrants  can  be 
assigned  to  different  wind  directions  as  shown 
in  Table  6 and  following  tables.  Cross  lsobaric 
flow  of  30  is  assumed.  The  number  of  soundings 
available  for  each  category  is  indicated  in 
parentheses. 

Since  most  of  the  comparisons  made  were  for 
the  four  mid-season  months,  January,  April, 

July  and  October,  considered  together,  computer 
processing  was  also  accomplished  for  pure 
climatological  statistics  showing  Bermuda  duct 
frequencies  for  each  of  the  four  months  considered 
separately,  without  regard  to  synoptic  parameters. 
These  are  shown  in  Tsble  7. 


Table  7 

Bermuda  Duct  Frequency  at  Function  ef 
SEASON 


SEASON 

DUCT  FREQUENCY 

WINTER  (Jan) 

78 

SPRING  (April) 

52 

SUMMER  (July) 

31 

FALL  (October) 

33 

ANNUAL  (t  Mon.) 

50 

Tentative  Conclusion 

- Ducting  at  Bermuda 

is  most  frequent  in  winter  and  least  frequent 
in  summer  even  though  the  subtropical  high  is 
strongest  and  most  persistent  in  summer.  This 
distribution  can  be  explained  by  the  fact  that 
in  the  warmer  months,  Bermuda  is  usually  located 
within  the  western  edge  of  the  subtropical  high 
and  is  Influenced  by  a warm,  somewhat  unstable 
flow  of  tropical  air. 

4. 3. 2. 2. 2 Ship  H 

Ship  H at  38°N  70°W  is  approximately  300 
miles  to  the  northwest  of  Bermuda  (32  °N  65°W) 
and  serves  as  an  interesting  source  of  comparative 
data. 

Table  8 

Ship  H Duct  Frequency  at  Function  et 
SURFACE  WIN0  DIRECTION 


QUADRANT 

SURFACE  WIND  DIRECTION 

DUCT  FREQUENCY 

SE 

OOO-OSOO 

80 

SW 

050-120* 

(80) 

SW-NW 

120-180* 

(25) 

NW 

180-280* 

82 

NE 

280-300* 

82 

NE-SE 

300-350* 

58 

CALM 

0 

ALL 

83 

Tentative  Conclusion  - Ducting  at  Ship  H is 
most  likely  in  the  northeast  and  southeast 
quadrants  of  anticyclones  and  least  likely  in 
the  southwest  and  northwest  sectors.  This  is 
contrary  to  observations  made  for  Bermuda.  On 
the  other  hand  it  agrees  with  previous  discussions 
which  point  to  duct  frequencies  highest  in  the 
eastern  quadrants  of  high  pressure  areas. 

4. 3. 2. 2. 3 Tercelra,  Azores 

Terceira  (39°N  27°W)  is  on  the  eastern  side 
of  the  Atlantic  and  provides  another  interesting 
point  for  comparison. 

Table  9 

Tercelra  Duct  Frequency  at  Function  at 
SEA  LEVEL  PRESSURE 


SEA  LEVEL  PRESSURE  (MB) 

DUCT  FREQUENCY 

^1000 

18 

1000  - 1010 

33 

1010  - 1020 

so 

1020  - 1030 

50 

Tentative  Conclusion  - Ducting  at  Terceira 
is  much  more  likely  with  higher  sea  level 
pressures  and  is  therefore  strongly  correlated 
with  anticyclone  intensity. 


11') 


» 


Table  U 

Ship  Nan  Duct  Frequency  at  Function  of 
SURFACE  WIND  DIRECTION  (Jan  A Apr  only) 


k 


■ 

r 


4 


Table  10 

Torcolra  Duct  Frequency  at  Function  ot 
SURFACE  WIND  DIRECTION 


"QUADRANT" 

| SURFACE  WIND  | 
DIRECTION 

DUCT  FREQUENCY 

SE 

000°  - 060° 

60 

SW 

060°  - 120° 

36 

SW  - NW 

120°  - 180° 

50 

NW 

180°  - 240° 

32 

NE 

240°  - 300° 

j 

NE  - SE 

300°  - 360° 

37 

CALM 

0 

ALL 

41 

Tentative  Conclusion  - Duct  frequencies  at 

Tercelra  show  a bi-modal  distribution  and  are 
most  likely  in  the  southeast  quadrant  of  a high 
in  agreement  with  previous  discussions.  A 
secondary  maximum  occurs  in  the  western  sectors 
of  highs  which  supports  the  Bermuda  observations. 

Table  11 

Torcolra  Duct  Frequency  as  Function  ot 
TEMPERATURE  DIFFERENCE 
BETWEEN  700  MB  AND  SFC 


700  MB  TEMPERATURE 

OUCT 

MINUS  SFC  TEMP  (*c> 

FREQUENCY 

-20  TO  -15 

25 

-15  TO  -10 

58 

Tentative  Conclusion  - Ducting  at  Terceira 
is  more  likely  when  temperatures  at  700  mb  are 
not  more  than  10  to  15  degrees  colder  than 
surface  temperatures. 

4. 3. 2. 2. 4 Ship  NAN 

Statistical  studies  were  also  made  for 
Pacific  Ocean  stations.  Results  are  shown 
below  for  Ship  NAN  (30°N  140°W). 

Table  12 


Ship  Nan  Ouct  Frequency  as  Function  of 


SEA  LEVEL  PRESSURE  (Jan  A April  only) 

SEA  LEVEL 

PRESSURE  (sa)  1 DUCT  FREQUENCY 

<1000 

0 

10QC  - inio 

19 

1010  - 1020 

1 - 

57 

1020  - 1030 

64 

1030  - 1040 

(100)  - B»SED  ON  ONLV  5 SOUNDINGS 

Tentative  Conclusion  - Duct  occurrence  at 
NAN  In  winter  end  spring  is  much  more  likely 
with  higher  sea  level  pressure,  or  when  anti- 
cyclonlc  conditions  are  strongest. 


"QUADRANT" 

SURFACE  WIND 
DIRECTION 

DUCT  FREQUENCY 

SE 

000°  - 060° 

82 

sw 

060°  - 120° 

60 

SW  - NW 

120°  - 180° 

57 

NW 

180°  - 240° 

31 

NE 

240°  - 300° 

35 

NE  - SE 

300°  - 360° 

62 

1 

CALM 

0 

Tentative  Conclusion  - Duct  frequencies  at 
Ship  NAN  in  winter  and  spring  are  more  likely 
in  the  southeastern  quadrant  of  highs  and  least 
likely  in  the  northwest  quadrant  of  highs  in 
agreement  with  earlier  discussions  concerning 
regions  of  preferred  subsidence. 

Table  14 

Ship  Nan  Duct  Frequency  at  Function  ot 
TEMPERATURE  DIFFERENCE 
BETWEEN  700  MB  AND  SFC 


700MB  TEMPERATURE 
MINUS  SFC  TEMP  («c) 

DUCT 

FREQUENCY 

< -20 

(0)  only  5 soundings 

-20  TO  -15 

47 

-15  TO  -1# 

72 

7 TO  10 

only  2 soundings 

Tentative  Conclusion  - 

Ducting  at  Ship  NAN 

is  more  likely  when  temperatures  at  700  mb  are 
not  more  than  10  to  15  degrees  colder  than 
surface  temperature. 

4. 3. 2. 2. 5 Midway  Island 

Midway  Island  (28°N  177°W)  is  located  in 
the  mid-Paclfic  Ocean. 


Table  IS 

Midway  Island  Duct  Frequency  at  Function  of 
SURFACE  WIND  DIRECTION 


"QUADRANT" 

SURFACE  WIND 
DIRECTION 

| DUCT  FREQUENCY 

SE 

000°  - 060° 

33 

SW 

060°  - 121° 

28 

SW  - NW 

120°  - 180° 

21 

NW 

180°  - 240° 

9 

NE 

240°  - 300° 

18 

NE  - SE 

300°  - 360° 

I 

N"\ 

CALM 

0 

i 

OVERALL 

25 

150 


! 


Tentative  Conclualon  - Duct  frequencies  at 
Hldvay  Island  are  most  likely  in  the  southeast 
quadrant  of  highs  and  least  likely  In  the 
northwest  quadrant  In  agreement  with  earlier 
discussions  concerning  regions  of  preferred 
subsidence. 


Table  U 

Duct  Frequency  lor  Sub-Tropical  Stations  Combined  as 
Function  ot  Both 

SURFACE  WIND  DIRECTION  AND  SEA  LEVEL  PRESSURE 


’OuaDHAhH"  HAT  SuAFACf  »:  HI.  DlAfCTlOA 


sea  level  -sr  'SV  -ss-es-  -mr  -w  *ne  se- 
PRESSURE  IHBI  000-060  060-120  120-180  180-2U0  1 280-J00  | SOO-S60  1 calm 


4. 3. 2. 2. 6 All  Stations  (16 


A couple  of  comparative  studies  were  made 
using  data  from  all  16  stations  contained  in 
the  1974  data  bases  lumped  together  to  obtain  a 
more  global  view  of  statistical  preferences. 
Results  are  shown  below. 


PRESSURES 


Table  IS 

Duct  Frequency  for  ail  Stations  Combined  as  Function  of 
SEA  LEVEL  PRESSURE 


Tentative  Conclusion  - Ducting  at  the  five 
subtropical/temperate  stations  combined  is  most 
likely  In  the  southeast  quadrant  of  highs 
(least  likely  in  the  northwest)  and  with  higher 
sea  level  pressures  (greater  anticyclonlc 
intensity).  This  picture  arises  even  wher.  the 
data  for  Bermuda  are  Included  which  show  a 
reverse  dependency  on  quadrant. 


5.  DEVELOPMENT  OF  A NEW  REG  MODEL 


The  purpose  of  the  objective  studies  and 
the  previous  review  of  models  and  atmospheric 
structure  is  to  develop  a basis  for  modifying 
the  synoptic-refractive  relationships  used  in 
the  initial  REG  so  that  it  will  be  more  reliable 
and  realistic.  Based  on  experience  with  the 
REG  and  recent  studies  just  discussed  which 
show  ducting  to  be  consistently  (but  not 
exclusively)  most  frequent  in  the  eastern 
quadrants  and  near  the  center  of  high  pressure 
areas,  a schematic  diagram  has  been  formulated 
of  a proposed  working  model  of  REG  solutions 
(Figure  16).  In  this  diagram,  a schematic  view 
of  a cyclone  and  associated  frontal  system  is 
shown  with  a large  subtropical  high  to  the 
southeast  and  a continental-modified  polar 
anticyclone  to  the  west. 


ON  ONLV  34  SOUND  I NGS 


Tentative  Conclusion  - Duct  frequencies  for 
all  stations  combined  are  clearly  more  likely 
with  high  sea  level  pressures,  but  not  extremely 
high  pressures  (>  1030  mb) . 


Table  17 

Duct  Frequency  for  all  Stations  Combined  as  Function  of 
TEMPERATURE  DIFFERENCE  BETWEEN  700  MB  and  SFC 


700  mb  TEMPERATURE 

*1NIIS  SURFACE  TEMPERATURE  (°C) 


DUCT  FREQUENCY 


Tentative  Conclusion  - Duct  frequencies  for 
all  stations  combined  are  more  likely  when  700 
mb  temperatures  are  not  more  than  10  to  15 
degrees  colder  than  the  surface. 


4. 3. 2.2. 7 Subtropical  Stations  (Bermuda. 

Tercelra.  Ship  H.  Midway.  Ship  NAN 


Since  ducting  is  most  frequent  in  the 
subtropical  regions,  comparative  studies  were 
made  using  data  from  the  five  subtropical/ 
temperate  radiosonde  stations  available.  Data 
for  Ship  NAN  and  Ship  H was  available  only  for 
January  and  April. 


Figure  16.  Preliminary  Working  Model  of  Synoptic 
Refractive  Relationships. 


SEA  LEVEL 
PRESSURE  (mb) 

DUCT  FREQUENCY 

< 1000 

7 

1000  - 1010 

19 

1010  - 1020 

33 

1020  - 1030 

40 

1030  - 1040 

(23)  - BASE! 

Within  the  subtropical  anticyclone,  a 
region  of  very  low  elevated  ducts  (Profile  B) 
exists  near  the  center  of  the  anticyclone  where 
pressure  is  high  and  subsidence  strong.  The 
southeast  quadrant  is  a region  of  low,  strong 
elevated  ducts  (designated  as  Profile  C);  as 
the  air  flows  westward  south  of  the  center,  it 
is  heated  by  the  warmer  sea  surface  on  the 
western  sides  of  the  oceans,  and  subsequent 
convection  raises  and  weakens  the  elevated  duct 
in  the  southwest  quadrant  (Profile  D) . North 
of  the  center  of  the  anticyclone,  subsidence  is 
less,  temperatures  aloft  are  colder,  and  the 
refractivity  gradient  is  assumed  to  be  no  more 
than  super-refractive  (Profile  E) . The  line 
separating  the  E region  from  any  of  the  duct 
regions  may  be  thought  of  as  a 502  duct-probabili- 
ty line. 

The  polar  anticyclone  is  similar  in  refrac- 
tivity characteristics  except  it  is  assumed 
that  strong  sinking  motions  and  dryness  of 
continental  air  may  be  manifested  at  times  by  a 
region  of  surface-based  ducting  (Profile  A) 
near  the  center  of  the  high.  About  this  region 
is  an  area  of  low  elevated  ducts  (Profile  C) 
bounded  to  the  south  by  weaker  elevated  ducts 
(C-) , and  to  the  north  by  super-refractive 
conditions. 

Even  though  statistics  have  not  yet  been 
compiled  to  show  that  cyclones  are  associated 
mainly  with  near  standard  conditions,  the 
instability  and  vertical  mixing  common  in  these 
regions  has  led  to  the  assumption  that  refrac- 
tivity conditions  there  and  for  some  distance 
along  the  frontal  surface  are  near  standard 
(Profile  F) . As  the  pre-frontal  flow  increases, 
experience  has  shown  that  refractive  layers 
rise  and  weaken  markedly  with  proximity  to  the 
front.  In  addition,  a region  of  moisture 
advection  ahead  of  the  cold  front  and  into  the 
cold  air  side  of  the  surface  warm  front  is  both 
suspected  and  observed  to  result  in  sub-refractive 
layers  and  this  region  is  designated  as  Profile 

G.  It  should  be  noted  that  G may  overlap  with 
any  of  the  ducting  or  other  defined  regions. 

In  addition,  a region  of  multiple  thin  layers 
has  also  been  defined  in  the  tropics  and  is 
designated  Profile  M.  It  may  be  necessary  to 
specify  conditions  in  these  low  latitudes  on  a 
purely  statistical  basis. 

Only  general  altitude  classifications  have 
been  defined  for  each  profile  type  in  an 
attempt  to  simplify  and  generalize  the  REG 
predictions.  These  will  be  modified  later  as 
necessary  from  results  of  additional  synoptic 
climatology  studies.  No  altitudes  have  been 
specified  for  Profiles  G or  M. 

The  question  of  surface  based  ducts  is 
still  a difficult  question  with  respect  to  REG 
development.  Evaporative  ducts  were  not 
Incorporated  into  the  initial  REG  and  their 
relationship  to  synoptic  events  and  large  scale 
oceanic  features  is  the  subject  of  investigations 
at  NEPRF.  At  some  point,  if  a successful  REG 
can  be  developed  for  the  synopt leal ly- induced 
layers,  then  evaporative  duct  conditions  should 
be  Incorporated  as  part  of  the  overall  propaga- 
tion assessment,  - even  if  based  purely  on 
climatology. 


There  is  also  still  the  question  of  authen- 
ticity of  surface-based  ducts  from  the  standpoint 
of  radiosonde  representativeness  discussed  by 
Helvey  (1979).  A proposed  solution  for  this 
problem  will  also  affect  the  nature  of  REG 
predictions. 

6.  MODIFIED  REG  PROCEDURES  AND  SOLUTIONS 
6.1  REG  Charts 

Based  on  the  proposed  REG  working  model, 

REG  charts  have  been  modified  for  each  of  the 
four  mid-season  months  for  both  the  North 
Pacific  Ocean  and  North  Atlantic  Ocean.  Only 
these  two  ocean  areas  were  selected  in  an 
attempt  to  focus  on  the  nature  of  predictions 
and  to  allow  for  their  proper  evaluation, 
before  going  on  to  other  ocean  regions  where 
data  is  sparce  and  firm  knowledge  is  lacking. 

The  REG  charts  were  modified  somewhat  from  the 
working  model  in  order  to  account  for  some  of 
the  observations  at  Bermuda,  and  continue  to  be 
regarded  as  working  solutions  subject  to 
results  of  continuing  studies  at  PMTC.  Figures 
17a  and  b are  examples  of  such  maps  for  the 
Pacific  and  Atlantic,  respectively,  for  selected 
seasons . 


Figure  17a.  Preliminary  Modified  REG  Chart  North 
Pacific,  Spring. 


Figure  17b.  Preliminary  Modified  REG  Chart  North 
Atlantic,  Summer. 


As  che  results  of  new  objective  studies  and 
other  knowledge  or  experience  becomes  available, 
the  REG  cherts  will  be  modified  accordingly. 

One  specific  plan  if  possible  Is  to  Incorporate 
a better  definition  of  layer  altitude  on  REG 
charts.  This  may  require  a different  form  of 
REG  chart  whereby  the  probability  of  occurrence 
and  the  probable  altitude  can  both  be  displayed 
based  on  objective  studies.  Figure  18  shows  an 
example  of  what  such  a chart  feature  might  look 
like. 


3K 

Figure  18.  Depiction  of  Elevated  Duct  Altitude 
and  Probability  of  Occurrence. 


6. 2 Systems  Performance  Assessment 

While  the  scope  of  the  present  effort  is  to 
develop  a firm  basis  for  predicting  refractive 
structure  from  a knowledge  of  synoptic  weather 
features,  some  consideration  must  also  be  given 
to  the  modification  of  systems  coverage  diagrams 
for  potential  operational  use.  One  possibility 
la  to  simplify  the  ray  trace  depiction  by 
substitution  with  other  related  diagrams  which 
may  better  describe  coverage  for  an  operational 
user.  This  may  Include  other  IREPS  products  or 
Fleet  Numerical  Weather  Central  (FNWC)  displays. 
Figure  19  shows  one  type  of  pictorial  display 
which  Is  under  consideration.  These  and  other 
related  aspects  will  be  planned  and  discussed 
with  NOSC  and  Fleet  personnel  at  a suitable 
time  prior  to  evaluation  of  the  technique. 

7.  PLANNED  EVALUATIONS 

After  additional  objective  Input  to  the  REG 
working  model  and  charts,  (possibly  using  an 
expanded  1979  data  base)  an  evaluation  will  be 
performed  to  test  the  meteorological  and 
operational  improvement  In  skill  over  the 
earlier  procedure.  Such  evaluations  will 


include  comparison  of  predicted  refractive 
structure  from  modified  REG  charts  (and  other 
refractive  predictive  techniques  under  develop- 
ment by  PMTC)  with  actual  measured  profiles 
determined  from  soundings  at  Point  Mugu,  San 
Nicolas  Island  and  Hawaiian  locations.  If 
possible,  these  soundings  will  be  corrected  for 
temperature-induced  humidity  errors  to  minimize 
contamination  by  spurious  surface-based  ducts 
described  by  Helvey  (1979). 

Operational  utility  and  significance  of 
predictions  will  be  tested  by  comparing  REG 
systems  performance  solutions  with  actual 
performance  conditions  obtained  from  observa- 
tions from  radars  from  Point  Mugu,  San  Nicolas 
Island,  Barking  Sands  and  other  PMTC  locations. 
Systems  performance  predictions  will  also  be 
evaluated  for  specific  sensors  using  the  IREPS 
system  developed  by  NOSC. 

8.  FUTURE  PLANS 

In  the  future,  it  is  hoped  to  conduct  a few 
aircraft  flights  across  air  mass  boundaries  to 
directly  measure  and  document  synoptic-refractive 
relationships  due  to  large  scale  patterns  over 
the  North  Pacific.  With  improvement  in  the 
REG's  ability  to  predict  refractivity  conditions 
based  on  synoptic  structure  in  the  North  Pacific 
and  North  Atlantic  Oceans,  attention  will  be 
directed  to  modifying  the  relationships  for 
other  ocean  areas.  Tests  will  also  be  made  at 
several  sites  to  determine  the  magnitude  of 
temperature- Induced  humidity  errors  in  radiosonde 
measurements  and  their  impact  on  refractive 
structure.  In  addition,  guidelines  will  need 
to  be  established  to  modify  REG  solutions  for 
typical  meso-scale  or  coastal  influences  that 
can  be  expected  in  the  vicinity  of  major  land 
masses.  The  incorporation  of  satellite  imagery 
will  also  be  attempted  as  an  additional  synoptic 
input  from  which  to  infer  refractivity  conditions. 
Ultimately,  a successful  REG  can  not  only  be 
used  as  stored  synoptic  solutions  within  IREPS, 
but  could  together  with  the  PMTC  Equivalent 
Altitude  technique,  and  the  Marine  Planetary 
Boundary  Layer  model  under  development  at 
NEPRF,  be  completely  automated  and  used  by  FNWC 
as  a valuable  addition  to  other  operational 
products. 

9.  -(INCLUSION 

The  meteorological  basis  of  a REG  approach 
to  predicting  refractivity  has  been  established 
with  case  studies  and  objective  input  from 


Figure  19.  Simplified  Depiction  ot  Propagation 
Conditions  Versus  Altitude  and  Range. 


synoptic  climatologies.  From  this  knowledge,  a 
vary  general  descriptive  working  model  of  a 
synoptic-refractive  relationship  has  been 
constructed  showing  subsidence  and  higher  duct 
probabilities  in  the  southeast  quadrant  of 
subtropical  anticyclones  with  lowest  and  most 
frequent  ducts  closest  to  the  anticyclone 
center.  A different  pattern  has  been  observed 
using  Bermuda  data  which  shows  duct  occurrence 
to  be  greatest  at  that  station  in  the  north- 
western quadrants  of  anticyclones  rather  than 
in  the  southeastern  quadrants  as  in  most  of  the 
other  stations  studied.  Stronger  anticyclones 
in  general  result  in  a higher  duct  probability. 

At  low  latitudes  as  air  flows  westward  on 
the  equatorward  side  of  subtropical  anticyclones, 
subsidence  decreases  and  ducts  rise  and  weaken 
as  the  air  is  heated  convectively  by  warm  seas. 

A region  of  super-refractive  conditions  covers 
the  northwest  quadrant  of  highs  separating  the 
ducting  region  from  an  area  of  near  standard 
conditions  associated  with  fronts  and  cyclones 
where  air  is  veil  mixed.  To  the  rear  of  fronts 
are  air  masses,  partly  of  continental  origin, 
which  are  also  marked  by  low  level  ducting  over 
the  equatorward  portions  and  super-refractive 
conditions  in  the  poleward  regions.  If  the  air 
mass  is  very  recently  removed  from  the  land,  it 
is  speculated  that  surface-based  ducts  may 
occur  near  the  high  center  associated  with  dry 
continental  air  aloft. 

It  is  concluded  that  refractive  conditions 
and  trends  can  be  predicted  by  REG  techniques 
but  the  quantitative  extent  to  which  this  can 
be  done  depends  on  REG  evaluation  and  further 
development,  and  may  be  limited  in  certain 
regions  by  local  factors  which  do  not  conform 
to  general  trends.  Other  factors  which  affect 
REG  performance  include  the  various  limitations 
of  radiosonde  data  when  used  for  refractive 
purposes,  partlcul v as  they  apply  to  the 
authenticity  of  surface-based  ducts  over  the 
ocean  not  caused  by  evaporation. 
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A PRELIMINARY  ASSESSMENT  OF  TEMPERATURE-INDUCED  RADIOSONDE  HUMIDITY  ERRORS  AND 


EFFECTS  ON  APPARENT  LOW-LEVEL  REFRACTIVE  STRUCTURES 


Poger  A.  Helvey 
Pacific  Missile  Test  Center 
Point  Mugu,  California 


SUMMARY 

Standard  radiosonde  measurements  and  procedures 
are  subject  to  significant  temperature- induced 
humidity  errors  in  the  near  surface  layer.  These 
errors,  when  experienced  at  coastal  locations  and 
applied  to  open  ocean  conditions  may  result  in 
spurious  surface-based  ducts  which  have  serious 
implications  for  the  authenticity  and  application 
of  world-wide  refractive  climatologies  in  naval 
planning  and  operations,  and  in  the  development 
and  verification  of  prediction  techniques. 

Efforts  are  underway  at  the  Pacific  Missile  Test 
Center  to  determine  the  magnitude  of  this  problem, 
and  to  recommend  modified  measurement  procedures 
and  correction  factors  that  can  be  applied  to 
existing  data. 

1 . PREFACE 


occurrence  of  surface-based  superrefractive 
layers  between  synoptic  observation  times. 


Navy  requirements  exist  for  a prediction 
capability  which  will  allow  conversion  of  routine 
synoptic  weather  information  to  an  assessment  of 
meso-scale  refractive  structure  and  hence  an 
Inferred  aasessment  of  radar  systems  coverage. 

An  initial  subjective/objective  effort  based  on 
world-wide  radiosonde  coverage  and  characteristic 
synoptic  patterns  resulted  in  the  development. of 
an  initial  Refractive  Effects  Guidebook  (REG)  . 
While  the  prediction  technique  met  with  partial 
success,  subsequent  objective  evaluations  of  REG 
performance  indicated  significant  discrepancies 
in  verification,  particularly  for  surface-based 
ducts.  These  discrepancies  can  be  explained  by 
three  factors:  (1)  A still  incomplete  under- 
standing of  cynoptic-ref ractlve  relationships, 

(2)  an  overly  detailed  attempt  to  specify  pre- 
dicted profile  types,  and  (3)  deficiencies  in 
radiosonde  data  when  used  for  refractive  purposes. 

The  first  two  problems  are  being  addressed  by 
PMTC  in  a continuing  effort  to  develop  improved 
prediction  capabilities.  The  third  problem  is 
being  simultaneously  investigated  and  is  the 
subject  of  this  report. 

2.  A DAYTIME  BUS 

In  evaluating  the  performance  of  the  REG,^ 
doubt  has  arisen  concerning  the  authenticity  of 
many  of  the  surface-based  refractive  ducts  derived 
from  radiosonde  data.  Statistical  summaries  of 
surface-based  duct  occurrence  compiled  from  these 
data  indicate  an  inordinately  large  diurnal 
variation.  The  global  distribution  of  differences 
in  relative  frequency  of  occurrence  of  surface- 


based  ducts  is  deplete^  in  Figure  1,  for  "coastal" 
stations  in  a SYLVANIA  study  covering  the  period 
May  1966  through  April  1969.  Locations  where 
more  ducts  were  noted  at  00Z  than  at  12Z  are 
indicated  by  squares;  the  reverse  by  "X"s;  the 
size  of  the  symbols  is  proportional  to  the 
differences  in  relative  frequencies  of  occurrence 
observed  between  the  two  standard  synoptic  obser- 
vation times,  00Z  minus  12Z.  It  is  immediately 
apparent  that  with  very  few  exceptions,  surface- 
baaed  ducts  were  more  frequent  at  00Z  on  either 
side  of  the  dateline  between  90°E  and  90°W, 
where  00Z  occurs  locally  during  davlight  hours. 

The  situation  is  reversed  for  the  other  side  of 
the  earth  centered  on  the  Greenwich  meridian 
where  12Z  is  during  daylight  hours,  although  the 
pattern  is  not  as  clear-cut.  The  bias  is  greatest 
at  low  latitudes.  Solar  elevation  angle  is 
implicated  as  a direct  or  indirect  cause,  pre- 
sumably by  its  effects  on  instrumentation  or  on 
actual  conditions  in  the  atmospheric  boundary 
layer. 


Diurnal  variations  in  atmospheric  properties 
over  the  open  ocean  should  generally  be  quite 
small;  day-night  sea  surface  temperatures  typically 
vary  by  no  more  than  a few  tenths  of  a degree  C. 
Unfortunately,  however,  with  the  exception  of  a 
few  ocean  station  vessels,  the  soundings  regularly 
available  from  oceanic  areas  are  actually  made 
over  land  from  islands  or  near  the  coasts  of 
continents.  Temporarily  putting  aside  the 
question  of  whether  such  soundings  are  representa- 
tive of  open  ocean  conditions,  the  observed 
diurnal  variations  found  from  the  Sylvanla 
statistics  seam  meteorologically  Implausible. 
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The  very  limited  extent  of  some  of  the  island 
sites  where  the  day-night  variation  Is  greatest 
suggests  that  changes  in  refractive  layering  due 
to  diurnal  variations  in  local  winds  are  not  the 
basic  cause,  especially  since  most  of  these 
surface-based  ducts  are  very  shallow.  The 
establishment  of  daytime  surface  superadiabatic 
layers  at  land  stations  would  be  a common  feature 
at  nearly  all  sitgs,  but  except  possibly  in  the 
case  of  wet  soil,  the  associated  strong  vertical 
mixing  should  destroy  any  humidity  stratifications 
which  could  cause  superrefraction,  and  the  rapid 
decrease  of  temperature  with  height  would  tend  to 
cause  subrefraction. 

3.  SOURCE  OF  THE  BIAS 

3. 1 Radiosonde  Humidity 

The  apparent  marked  surplus  of  these  daytime 
surface-based  ducts  can  be  explained  as  a conse- 
quence of  instrumental  error.  Most  of  the 
stations  shown  in  Figure  1 can  be  identified  as 
sites  where  American  radiosondes  were  employed. 

It  has  been  known  for  some  vears  that  temperature- 
induced  humidity  errors  have  been  responsible  for 
a bias  towards  lower  daytime  relative  humidities 
reported  by  U.  S.  radiosondes.  This  is  not 
merely  the  result  of  the  inverse  relationship 
between  relative  humidity  and  temperature,  but 
represents  a spurious  reduction  in  daytime  values 
of  moisture  in  terms  of  dewpoint,  mixing  ratio, 
and  other  derived  conservative  moisture  parameters. 
The  cause  is  known  to  be  warming  of  the  hygristor 
(humidity  element)  due  to  solar  radiation;  the 
resultant  increase  in  saturation  vapor  pressure 
of  the  air  in  contact  with  the  hygristor  leads  to 
an  erroneously  low  indication  of  relative  humidity, 
which  used  in  conjunction  with  the  cooler  tempera- 
tures from  the  sonde  thermistor  results  in  lowered 
calculated  values  for  other  moisture  parameters. 

The  microwave  refractive  index  will  also  be  too 
small.  Above  the  surface  layer  this  would  have 
little  effect  on  refractive  gradient  and  duct 
calculations,  since  the  bias  would  change  slowly 
with  altitude.  But  near  the  surface,  significant 
refractive  gradient  errors  could  result.  This 
follows  from  the  fact  that  the  surface  point  of 
soundings  reduced  according  to  standard  procedures 
is  obtained  by  psychrometer , as  specified  in  FMH- 
3 (Federal  Meteorological  Handbook  of  Radiosonde 
Observations).  The  value  for  surface  refractivity 
would  therefore  presumably  be  relatively  accurate. 
Because  the  refractivity  at  the  top  of  the  surface 
layer  is  obtained  from  the  radiosonde  and  hence 
liable  to  be  erroneously  small  (dry)  during 
daytime,  a negative  bias  in  the  apparent  change 
in  refractivity  upward  through  the  surface  layer 
will  result.  This  in  turn  leads  to  a tendency 
for  fictitious  superrefractive  gradients  in  this 
lowest  layer  of  the  sounding. 

Attempts  to  assess  and  correct  for  spurious 
daytime  dryness  in^U.  S.  radiosonde  data  from  the 
Line  Island,  ATEX  and  BOMEX  experiments  led  to 
introduction  of  a modified  sonde  around  1971, 
designed  to  minimize  hygristor  heating  by  im- 
proving ventilation  and  shielding  from  sonde  and 
solar  heat  sources.  Although  a considerable 
Improvement  in  the  accuracy  of  the  upper-air 
humidities  has  been  reported. H a large 
diurnal  variation  in  surface  layer  refractive 
conditions  Is  still  very  much  in  evidence. 
Surface-based  ducts  continued  in  abundance  during 


daytime  hours  in  data  obtained  as  late  as  1974, 
as  shown  in  Table  1. 
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Table  1.  Differences  in  percent  frequency  of 

occurrence  of  surface-based  ducts  reported  at 
00Z  and  12Z  (00Z  minus  12Z) , for  periods  May 
1966  through  April  1969,  and  Jan/Apr/ Jul/Oct 
1974. 

The  apparent  lack  of  any  overall  decrease  in 
daytime  surface  duct  bias  is  understandable  if  we 
take  into  account  the  special  nature  of  the 
atmosphere  in  the  surface  boundary  layer,  the 
manner  in  which  the  data  is  obtained,  and  the 
effect  of  hygristor  thermal  lag  on  indicated 
humidities.  For  temperatures  typical  of  the 
lower  atmosphere  over  temperate  and  tropical 
regions  the  humidity  response  of  the  carbon 
hygristor  type  of  humidity  element  in  use  for 
some  years  is  quite  good,  with  a lag  coefficient 
less  than  one  second.  The  thermal  response  of 
the  carbon  hygristor  is  much  worse,  however,  with 
a lag  coefficient  near  sea  level  around  15 
seconds  in  the  improved  sonde  introduced  around 
197112*  13t  anij  as  much  as  a half-minute  in  the 
older  sonde  package5'  7 formerly  used  by  the 
National  Weather  Service.  The  lithium  chloride 
element  in  use  some  years  ago  was  likewise  subject 
to  considerable  thermal  lag.  At  times  when  the 
sonde  is  ascending  through  a region  with  negative 
temperature  lapse  rate,  the  hygristor  temperature 
will  be  too  warm  and  hence  indicated  humidity  and 
refractivity  will  be  too  low.  For  the  current 
sonde  and  normal  ascent  rates  the  theoretical 
hygristor  temperature  excess  due  to  lag  (15- 
second  time  constant)  can  be  estimated  at  about 
0.5C  for  an  ambient  lapse  rate  of  -2C/1000  feet, 
with  a corresponding  relative  humidity  deficit 
around  32,  and  refractivity  deficit  of  roughly  3 
N-units.  In  the  free  atmosphere  the  refractivity 
gradient  structure  will  be  affected  very  little, 
except  during  passage  through  Inversions  (when 
the  biases  will  be  reversed  with  the  hygristor 
tending  to  be  cooler  than  the  environment) . But 
the  situation  is  entirely  different  near  the 
earth's  surface.  There,  very  strong  negative 
temperature  lapse  rates  In  the  daytime  super- 
adiabatic  layer  and  Internal  boundary  layer  near 


r 


coastlines  during  onshore  flow  will  produce 
considerable  reductions  in  apparent  refractivity 
with  haight. 

The  Influence  of  temperature  lapse  rate  on 
refractivity  is  illustrated  in  Figure  2a,  where 
refractivity  gradient  versus  temperature  gradient 
Is  plottsd  for  the  first  layer  of  soundings  for 
Ponape,  1974  data.  In  general,  the  greater  the 
decrease  of  temperature,  the  stronger  the  refrac- 
tive layer  was  found  to  be.  This  temperature- 
induced  problem  is  aggravated  by  still  another 
problem — the  increasing  sensitivity  of  the 
computed  refractive  gradients  to  noise  in  the 
data  as  layer  thickness  becomes  smaller.  As 
apparent  in  Figure  2b,  even  without  noticeable 
correlation  between  layer  thickness  and  refractive 
gradient,  the  larger  scatter  in  the  data  for  the 
thinner  layers  results  in  a greater  number  of 
extreme  gradients  - both  superref ractlve  and 
subrefractlve.  Standard  procedures  dictate 
reduction  of  sonde  data  for  mandatory  pressure 
levels.”  At  most  coastal  and  island  stations  the 
lOOOmb  level  is  as  a rule  within  a few  dozen  feet 
of  the  surface,  thus  guaranteeing  on  reduced 
soundings  a predominantly  thin  surface  layer, 
with  no  direct  physical  basis  for  its  reported 
depth. 


vulnerable  to  heating  by  solar  radiation  during 
pre-release  preparations  because  of  Inadequate 
ventilation.  Cases  are  reported  where  a sonde 
has  been  allowed  prior  to  release  to  lie  outside 
on  a hot  surface  such  as  the  deck  of  a ship. 5 
Even  when  reasonable  care  is  exercised  to  avoid 
direct  exposure  to  sunlight  and  relatively  warm 
areas  such  as  asphalt,  substantial  daytime 
warming  of  the  sonde  and  hygrlstor  can  be  expected 
before  release  under  conditions  of  clear  skies 
and  light  winds.  Although  according  to  FMH-3  the 
surface  point  would  not  be  taken  from  the  sonde 
in  any  event,  a substantial  period  of  time  is 
required  after  release  for  recovery  of  the  radio- 
sonde from  such  overheating,  due  to  the  thermal 
lag  of  the  hygrlstor  and  walls  of  the  humidity 
duct.  The  contribution  of  this  effect  to  the 
total  humidity  error  is  especially  important  when 
the  first  point  from  the  sonde  is  selected  within 
a few  hundred  feet  of  the  surface,  as  when  surface 
pressure  is  only  slightly  greater  than  lOOOmb,  or 
when  a significant  level  is  selected  at  the  top 
of  a shallow  superadiabatic  layer. 

4.  MAGNITUDE  OF  INITIAL  ERROR 

An  estimate  of  the  temperature  of  the  hygrlstor 
element  can  be  obtained  for  the  moment  of  release 
if  the  radiosonde  recorder  chart  and  the  surface 


psychrometer  data  are  available.  Regardless  of 
temperature  variations,  and  in  the  absence  of 
wetting  of  the  sonde  and  humidity  element  by 
precipitation,  water  vapor  pressure  should  be 
essentially  the  same  out^Jde  the  sonde  and  in  the 
air  around  the  hygrlstor  . Thus  the  temperature 
of  the  latter  is  just  that  which  together  with 
the  observed  radiosonde  initial  ordinate  value 
yields  the  same  vapor  pressure  as  that  corres- 
ponding to  the  psychrometer  data. 


Figure  2b.  Refractivity  gradient  and 
thickness  of  the  surface  layer. 


An  example  of  a recorder  chart  for  a sounding 
with  substantial  initial  hygrlstor  temperature 
excess  is  shown  in  Figure  3.  Humidity  Increases 
to  the  left,  temperature  to  the  right,  and  time 
upwards.  The  sonde  was  released  at  Point  Mugu  at 
1024  PST,  30  July  1973,  and  had  been  modified  to 
permit  greater  vertical  resolution  by  increasing 
the  switching  rate  between  temperature  and 
humidity.  Skies  were  overcast  with  low  stratus 
(which  was  beginning  to  clear,  however),  and 
surface  winds  were  two  knots  from  the  southwest 
(onshore) . 


POINT  MUGU  I724Z  30  JUIY  1973 
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Figure  2a.  Refractivity  gradient  and  temperature 
gradient  in  tha  surface  layer. 


3. 2 Sonde  Exposure  Before  Releaee 


Exposure  of  the  sonde  prior  to  release  can 
alao  contribute  to  a bias  towards  daytime  ducts. 
Although  redesign  of  the  sonde  has  minimized 
radiative  contributions  to  the  hygrlstor  tempera- 
ture excasa  aloft,  the  hygrlstor  remains 


Figure  3.  Radiosonde  recorder  chart  for  Point  Mugu 
Sounding,  1724Z  (1024  PST)  30  July  1973. 
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The  sonde  was  one  of  the  Weather  Service 
types  (J006)  which  had  been  modified  at  PMTC  to 
reduce  solar  heating  effects  by  covering  the  top 
of  the  hygristor  duct  with  aluminum  foil,  and 
blackening  the  Interior  of  the  duct. 

The  surface  humidity  ordinate  corresponding 
to  the  relative  humidity  reading  of  78%  obtained 
from  electric  psychrometer  is  shown  as  a circled 
point,  far  to  the  left  and  at  a much  higher 
humidity  than  that  corresponding  to  the  initial 
location  of  the  sonde  humidity  trace.  The  latter 
indicated  a relative  humidity  of  56%,  using  the 
psychrometer  temperature  of  18. 8C.  The  discrep- 
ancy between  these  two  humidities  corresponds  to 
a hygristor  temperature  excess  in  this  case  of 
about  5.5C.  The  sonde  data  indicate  the  top  of  a 
superadiabatic  layer  at  214  feet  above  the  surface. 
(This  level  is  indicated  in  Figure  3 by  the  long 
horizontal  dashed  line  at  about  1/4  minute  into 
the  sounding.)  Use  of  the  actual  humidity  contact 
value  for  this  level  together  with  the  surface 
psychrometer  data  yields  a surface-based  super- 
refractive  layer  with  refractivity  gradient  of 
-119  N-units/1000  feet.  If  the  humidity  ordinate 
for  the  top  of  the  superadiabatic  layer  is 
obtained  by  interpolation  between  the  surface 
psychrometer  readings  and  higher  sonde  points, 
however,  a refractivity  gradient  of  only  -35  N- 
units  per  1000  feet  is  calculated.  In  this 
example  use  of  the  actual  contact  value  for 
humidity  would  clearly  have  resulted  in  a spurious 
surface-base  duct. 

Hygristor  initial  temperature  excesses 
calculated  by  the  above  method  are  shown  in 
Figure  4 for  Point  Mugu  soundings  from  September 
1969,  in  which  AMQ-9  military  sondes  were  employed. 
This  period  was  well  before  the  introduction  of 
extra  radiation  shielding.  These  values  have 
been  plotted  against  time  of  day,  and  clearly  are 
separated  into  nighttime  and  daytime  regimes. 

During  the  day  the  average  temperature  excess  was 
around  4C,  and  reached  as  high  as  7 to  8C  on 
several  occasions. 


» CALCULATED 

NY6RIIT0R 
TEMPERATURE 
; l EXCESS 

• VS 

3 ’ TIME  Of  SOUNDING  ( P) 

z » POINT  MUCU  DATA 

| * SEP  SS 

Z • MILITARY  SONDES 

S (AMQ-t) 


IN  N II  M II  •«  M M M II  1«  It 
LOCtl  TMI  [ftOUH.irt 

Figure  4.  Hygristor  temperature  excess  (calculated) 
for  Point  Mugu  soundings,  September  1969. 

5.  BIAS  DUE  TO  INITIAL  AND  LAG  ERRORS 

In  order  to  estimate  actual  humidity  and 
refractivity  distribution  with  altitude  from 
radiosondes  subject  to  initial  and  lag  temperature- 
induced  humidity  errors,  hygristor  temperature 


must  be  known.  First  of  all,  it  is  required  for 
reduction  of  the  raw  sonde  hygristor  data  because 
of  its  effect  on  the  relationship  between  hygristor 
resistance  and  relative  humidity,  but  this  effect 
is  minor  for  the  temperature  range  of  concern 
here.  Hygristor  temperature  is  of  much  more 
importance,  however,  in  correcting  the  apparent 
relative  humidity  for  the  difference  in  saturation 
vapor  pressure  between  that  in  the  free  atmosphere 
and  that  in  the  air  in  immediate  contact  with  the 
hygristor,  when  the  temperature  of  the  latter 
differs  from  the  free  air  temperature  aa  measured 
by  the  thermistor  outside  the  sonde.  Hygristor 
temperature  can  be  measured  directly  by  a ther- 
mistor placed  on  the  hygristor,  but  this  requires 
provision  for  transmitting  the  additional  tempera- 
ture to  the  surface.  Another  approach  involves 
calculating  theoretical  hygristor  temperature 
response  to  measured  free  air  temperatures, 
considering  hygristor  temperature  error  at  the 
moment  of  release,  and  the  effective  hygristor 
thermal  time  constant  (due  to  the  combined  thermal 
lag  characteristics  of  the  hygristor  element  and 
the  surrounding  duct,  corresponding  to  a venti- 
lation rate  appropriate  for  the  type  sonde  used 
and  ascent  rate  experienced).  Although  heating 
of  the  hygristor  due  to  solar  radiation  is  the 
source  of  its  initial  temperature  bias,  this  is 
much  diminished  aloft  (in  the  improved  sondes 
about  +0.6C  near  sea  level)  because  of  the  increase 
in  ventilation  after  release;  therefore,  in  the 
discussion  which  follows,  the  contribution  of 
radiation  to  the  total  error  aloft  has  not  been 
included. 

Results  of  an  application  of  the  approach  of 
calculating  hygristor  temperature  are  depicted  in 
Figure  5 using  data  from  a pair  of  improved  J005 
Weather  Service  radiosondes  released  simultaneously 
at  PMTC  at  1705Z  (0905PST)  4 May  1977;  at  time  of 
release  sky  conditions  were  3/10  cumulus,  with 
onshore  winds  of  6 knots.  The  sondes  were  altered 
at  PMTC  to  permit  finer  vertical  resolution. 
Although  the  sonde  packages  were  identical,  they 
were  each  handled  in  a different  manner  prior  to 
release.  An  accurate  estimate  of  free  air 
temperatures  was  needed  for  computing  hygristor 
temperatures.  To  minimize  effects  of  radiation 
on  temperatures  indicated  by  the  thermistor  at 
the  moment  of  release  and  through  the  lower  part 
of  the  sounding,  one  sonde  was  force-ventilated 
in  a thermoscreen  for  about  five  minutes  Just 
before  release.  Temperature  data  from  this  sonde 
is  shown  as  profile  1 in  the  upper  left  section 
of  Figure  5.  This  temperature  profile  was  used 
to  calculate  a number  of  hypothetical  examples  of 
possible  hygristor  temperature  variation  with 
altitude,  assuming  various  hygristor  temperatures 
at  the  moment  of  release  (expressed  as  "initial 
error"  between  hygristor  and  measured  free  air 
temperature),  a hygristor  thermal  lag  of  15 
seconds,  and  ascent  at  the  observed  rate  (858 
ft/mln)  through  the  temperature  environment 
indicated  by  profile  1,  This  value  for  thermal 
lag  applies  to  the  carbon  hygristor  in  the  J005 
improved  sonde  package,  as  mentioned  earlier; 
computed  profiles  2,  3,  and  4 differ  solely  as  a 
result  of  different  assumed  initial  hygristor 
temperature  biases.  In  any  event  the  effect  of 
thermal  lag  in  this  situation  with  negative 
temperature  lapse  rates  as  shown  by  profile  1 
would  cause  hygristor  temperatures  wanner  than 
the  free  air,  with  conaequencea  which  are  discussed 
below. 
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Figure  5.  Calculated  effects  of  Initial  and  lag 
hygristor  temperature  errors. 

The  other  radiosonde  was  used  to  obtain  raw 
hygristor  data  under  conditions  which  would 
enhance  hygristor  vulnerability  to  overheating, 
and  which  are  suspected  to  occur  at  times  with 
routine  soundings.  This  sonde  was  allowed  to  sit 
in  the  sun  for  the  same  five  minute  period  of 
time  prior  to  release,  on  top  of  a wooden  box 
about  one  and  one-half  feet  above  an  asphalt 
pavement.  A substantial  bias  of  hygristor 
temperature  above  that  in  the  free  atmosphere  was 
observed  to  develop  by  the  time  of  release  which 
may  be  characteristic  of  routine  soundings  where 
precautions  against  pre-flight  heating  may  not  be 
taken;  as  Inferred  from  the  radiosonde  recorder 
chart  by  the  method  outlined  previously  (see 
section  4)  it  amounted  to  about  +4C.  This  is  the 
assumed  initial  error  which  resulted  in  generation 
of  temperature  profile  3;  consequently  that 
profile  presumably  comes  closest  to  representing 
actual  hygristor  temperature  behavior  with 
altitude. 

The  sensitivity  of  some  humidity-related 
parameters  to  hygristor  temperature  errors  Is 
demonstrated  in  the  other  boxed  sections  of 
Figure  5,  by  profiles  of  relative  humidity, 
mixing  ratio,  and  refractivity,  numbered  in 
accordance  with  the  particular  hygristor  tempera- 
ture profile  assumed.  The  raw  hygristor  data  wan 
first  reduced  using  each  of  the  temperature 
profiles  in  turn  to  obtain  four  sets  of  apparent 
relative  humidities.  In  the  case  of  profiles  2, 

3,  and  4 these  humidities  were  then  tentatively 
corrected  for  differences  between  the  assumed 
hygristor  temperatures  represented  by  the  corre- 
spondingly numbered  temperature  profiles,  and  the 
free  air  temperatures  represented  by  temperature 
profile  1.  (Although  the  temperature  and  humidity 
Information  came  from  two  separate  sondes,  it  is 
believed  that  they  sampled  essentially  the  Bame 
volume  of  air  due  to  their  simultaneous  release 
in  close  proximity.)  Profiles  of  mixing  ratio 
and  refractivity  were  computed  from  these  cor- 
rected relative  humidities  and  free  air  tempera- 
tures. In  the  case  of  profile  1 for  the  humidity 
parameters,  no  corrections  were  applicable,  the 
hygristor  temperature  being  assumed  Identical  to 
the  free  air  temperature.  Of  the  relative 
humidity,  mixing  ratio,  and  refractivity  profiles 


shown,  profile  3 is  probably  most  representative 
of  actual  atmospheric  conditions  for  this  sounding, 
as  it  was  determined  by  corrections  based  on  the 
most  appropriate  hygristor  temperature  as  pointed 
out  above.  On  the  other  hand,  except  for  the 
surface  point  (and  the  more  detailed  resolution 
of  these  soundings),  profile  1 for  the  humidity- 
related  parameters  illustrates  the  kind  of  results 
to  be  expected  under  standard  reduction  procedures, 
which  in  effect  assume  zero  hygristor  thermal  lag 
and  initial  bias  by  ignoring  the  effect  of  these 
sources  of  error  on  the  humidity  data  after 
release.  Under  such  procedures,  the  use  of  a 
psychrometer  would  have  resulted  in  surface 
values  close  to  the  surface  point  of  profile  1 
for  temperature,  and  profile  3 for  the  humidity- 
related  parameters  if  the  initial  hygristor 
temperature  bias  was  in  fact  about  +4C  as  has 
been  Inferred.  While  in  terms  of  gradients  there 
is  little  difference  between  profiles  1 and  3, 
the  substitution  of  psychrometer  data  for  the 
surface  point  together  with  the  use  of  uncor- 
rected radiosonde  data  aloft  necessarily  Introduces 
a negative  bias  in  the  daytime  vertical  gradients 
of  humidity  and  refractivity  in  the  surface 
layer.  The  first  significant  (or  mandatory) 
level  above  the  surface  defines  the  top  of  the 
surface  layer,  and  in  this  sounding  would  probably 
be  selected  as  the  top  of  the  superadlabatic 
layer  evident  at  about  250  feet  altitude  in 
temperature  profile  1.  But  in  practice  the 
apparent  altitude  of  a significant  level  is  to 
some  extent  fortuitous  since  the  radiosonde  does 
not  transmit  each  parameter  continuously;  also, 
resolution  is  ordinarily  somewhat  poorer  than  in 
our  special  example  here.  While  conditions  in 
the  surface  layer  in  this  case  actually  appear  to 
have  been  subref ractive  as  indicated  by  refrac- 
tivity profile  3,  selection  of  the  top  of  the 
surface  layer  at  any  altitude  lower  than  about 
200  feet  and  reduction  under  standard  procedures 
wojld  have  resulted  in  a fictltous  surface-based 
trapping  layer. 

6.  TRENDS  IN  THE  BUS  AT  PMTC 

Major  changes  in  statistics  of  humidity  and 
refractive  gradients  over  the  years  have  been 
noted  in  Point  Mugu  radiosonde  data  which  support 
the  preceding  indications  of  contamination  by 
temperature-induced  humidity  errors.  Alterations 
in  radiosonde  instrumentation  and  data  reduction 
procedures  at  Point  Mugu  from  1967  through  1976 
are  noted  in  Figure  6,  along  with  a plot  of  water 
vapor  pressure  variation  with  altitude  through 
the  first  layer  of  selected  soundings  from  that 
period,  versus  date.  In  order  to  provide  a more 
homogeneous  sample,  the  soundings  represented 
were  cases  where  the  temperature  decreased  between 
3 to  4C  from  the  surface  to  the  top  of  the  surface 
layer,  and  for  which  the  top  of  that  layer  was 
between  100  to  400  feet  above  the  surface. 

A substantial  decline  in  magnitude  of  the 
reported  vapor  pressure  differences  over  the 
years  is  obvious,  with  the  greatest  change 
occurring  between  about  1971  and  1975,  probably 
reflecting  adoption  of  two  major  changes: 
modification  of  sondes  starting  July  1971  to 
minimize  radiatlonal  heating,  and  utilization  of 
a fan-ventilated  thermoscreen  for  pre-release 
conditioning  of  the  sondes  starting  in  November 
1974.  Changes  in  refractive  gradient  statistics 
for  the  surface  layer  are  also  evident,  as  shown 


Figure  6.  History  of  radiosonde  instrumentation 
and  reduction  procedures  at  Point  Mugu,  and 
variation  of  vapor  pressure  through  the  surface 
layer,  1967-1976. 

in  Figure  7.  A remarkable  decline  in  the  reported 
frequency  of  occurrence  of  the  more  extreme 
refractive  gradients  took  place  over  this  period. 

In  1968,  almost  402  of  all  soundings  Indicated 
surface-based  trapping,  dropping  to  less  than  102 
in  1975  and  1976.  The  jump  from  1967  to  1968  is 
believed  due  to  an  increase  in  emphasis  at  that 
time  in  reporting  smaller  features  in  the  sounding, 
and  in  a switching  modification  to  increase 
humidity  measurements. 


within  the  surface  layer  at  Point  Mugu. 

7.  OTHER  CONSIDERATIONS  IN  ASSESSING  OCEANIC 

REFRACTIVE  STRUCTURE 

A number  of  other  considerations  are  involved 
in  assessment  of  the  authenticity  and  behavior  of 
low-level  oceanic  refractive  structure  based  on 
radloaonde  data.  Advective  and  subsidence  pro- 
cesses will  bring  about  strong  surface-based 
refractive  gradients  of  substantial  depth  in 
certain  regions  and  weather  regimes.  But  struc- 
tures due  to  local  land/sea  effects  which  appear 
in  island  and  coastal  radiosonde  data  and  which 
may  be  completely  real,  nevertheless  may  not  be 
representative  of  open  ocean  conditions.  Although 
soundings  from  ships  on  the  open  ocean  should  be 
free  of  such  Influences,  another  source  of  mis- 
information may  arise  In  the  presence  of  an 
evaporative  duct.  This  type  of  duct  is  character- 
ized by  a fairly  shallow  surface-based  super- 
refractive  region  due  to  the  frequently  strong, 


evaporation-caused  decrease  in  humidity  with 
altitude  in  the  atmosphere  immediately  above  the 
ocean  surface.  A sufficiently  Intense  evaporative 
duct  could  be  mistaken  for  a deeper  surface-based 
duct  because  of  the  inability  of  a radiosonde  to 
resolve  the  limited  vertical  extent  of  the  former, 
with  possibly  serious  effects  on  assessment  of 
propagation  conditions. 

8.  CONCLUSION 

On  the  basis  of  the  large  disparity  in  day/ 
night  surface-based  duct  occurrences  calculated 
from  radiosonde  data  reported  at  many  stations, 
and  the  major  decline  in  apparent  duct  occurrences 
accompanying  Improvements  in  instrumentation  and 
procedures  at  Point  Mugu,  it  la  concluded  that 
these  ducts  are  probably  much  less  prevalent  over 
the  oceans  than  has  been  formerly  Indicated. 

This  is  due  to  a combination  of  reduction  and 
handling  procedures,  and  temperature- induced 
humidity  errors  in  U.  S.  and  other  radiosondes 
susceptible  to  radiational  heating  and  thermal 
lag  effects  on  humidity  measurements.  The 
problem  has  serious  implications  for  the  authentic- 
ity and  application  of  refractive  climatologies 
in  naval  planning  and  prediction  techniques. 

Although  it  seems  unlikely  that  soundings 
aken  in  the  past  can  be  satisfactorily  corrected 
on  an  individual  basis  due  to  difficulty  in 
reconstructing  all  the  relevant  procedural, 
instrumental,  and  meteorological  factors  in 
effect  at  the  time,  the  climatological  contamina- 
tion may  be  substantially  reduced  by  application 
of  results  of  comparative  studies  which  are 
planned  at  PMTC. 

Such  studies  will  involve  comparing  standard 
radiosonde  soundings  with  near-simultaneous 
soundings  employing  modified  sondes  or  procedures 
such  as  are  used  operationally  or  planned  at 
PMTC.  The  modifications  Include  the  use  of 
ventilated  shelters  prior  to  balloon  release  to 
minimize  errors  due  to  lag  and  radiation.  Com- 
parative soundings  are  planned  for  Point  Mugu, 
California;  San  Nicolas  Island,  off  the  California 
coast;  Barking  Sands,  Hawaii  and  possibly  other 
locations.  It  is  hoped  that  from  these  studies, 
correction  factors  will  be  developed  which  will 
improve  the  climatological  data  presently  avail- 
able on  low-level  atmospheric  refractive  structure 
over  the  oceans,  and  lead  to  a firmer  basis  on 
which  to  develop  techniques  of  predicting  refrac- 
tive structure  from  air  mass  and  weather  considera- 
tions. In  addition,  it  is  anticipated  that 
procedures  will  be  recomaended  which  will  result 
in  improved  accuracy  for  future  measurements. 
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ABSTRACT 


Utilizing  a data  base  of  all  world-wide  radio- 
sonde soundings  during  a five  year  period,  numerous 
statistics  of  tropospheric  ducts  and  super-refrac- 
ting layers  (SRLRs)  have  been  compiled  by  extensive 
computer  processing.  The  basic  pressure,  tempera- 
ture, and  dewpoint  profile  from  each  of  the 
2,300,000  soundings  has  been  expanded  and  converted 
into  refractive  index  profile  with  2 mb  increments. 

A search  of  each  expanded  profile  was  conducted  to 
locate  occurrence  of  gradients  less  than  -157  N 
units/km  (in  the  case  of  ducts)  or  less  than  -100  N 
units/km  (in  the  case  of  SRLRs).  Monthly  estimates 
of  the  probability  of  occurrence  of  ducts  and  SRLRs 
were  then  computed  for  each  of  924  radiosonde  sta- 
tions. Characteristics  such  as  height,  thickness, 
intensity,  and  minimum  trapping  frequency  have  been 
computed.  Extensive  results  are  displayed  in  tabu- 
lar form  and  as  CALCOMP  plots  for  each  individual 
station;  these  portray  the  statistical  distributions 
of  ducting  parameters  as  well  as  seasonal  variations. 
Regional  maps  showing  22  parameters  have  been  pre- 
pared to  show  geographical  relationships.  The 
reportage  from  this  project  should  be  useful  for 
applications  in  which  expected  ducting  characteris- 
tics are  required  at  an  arbitrary  location  anywhere 
in  the  world. 


provided  of  the  various  types  of  output  which  were 
produced. 


2. 


COMPUTATIONAL  PROCEDURES 


1. 


INTRODUCTION 


For  the  past  several  years  GTE  Sylvania  has 
been  conducting  a large-scale  analysis  of  radio- 
sonde data  for  the  Department  of  Defense.  The 
purpose  of  our  three  projects  has  been  the  genera- 
tion of  statistics  on  the  character 1st ics  of  tropo- 
spheric ducting  through  the  computer  analysis  of 
worldwide  radiosonde  sounding  reports  over  a five 
year  period.  This  massive  effort  was  based  on 
radiosonde  data,  not  because  the  superiority  of 
ref ractometer  measu  ements  was  not  recognized,  but 
because  the  analysis  was  desired  on  a global  basis 
so  that  the  entire  synoptic  climatology  of  tropo- 
spheric ducting  could  be  depicted.  Radiosonde  sound- 
ings form  the  only  available  world-wide  data  base 
for  such  an  investigation. 

A significant  portion  of  the  effort  has  been 
devoted  to  the  condensation  and  formatting  of  the 
output  in  a variety  of  ways,  including  listings, 
CALCOMP  plots,  and  world  or  regional  maps.  In  the 
following  sections  brief  descriptions  will  be  given 
of  the  Input  data,  data  acceptance  criteria,  re- 
fract ivity  profile  expansion,  search  for  ducts  and 
super-ref ract ing  layers  (SRLRs),  and  computation  of 
ducting  parameters.  Descriptions  will  also  be 


2 . 1 Input  Data 

The  basic  radiosonde  sounding  data  were  ob- 
tained from  two  time  periods;  May  1966  through 
April  1969,  and  January  1973  through  December  1974. 

A total  of  about  3 00  magnetic  tapes  containing  these 
data  were  provided  by  the  USAF  Environmental  Tech- 
nical Applications  Center  (ETAC) . The  initial  pro- 
cessing program  for  all  these  tapes  was  run  on  the 
CDC3200  computer.  This  program  first  unpacked  the 
records,  tested  the  data  for  acceptability,  com- 
puted profiles  of  refractive  index,  searched  for 
ducts  and  SRLRs,  and  computed  the  parameters  of  the 
ducts  and  SRLRs  which  were  present.  By  carrying 
out  all  these  processes  in  the  initial  program  it 
was  possible  to  read  each  input  tape  only  once. 

2.2  Acceptability  Testing 

Each  sounding  was  subjected  to  several  tests 
before  it  was  accepted  for  further  processing. 
Initial  syntactical  tests  were  imposed  on  record 
length  and  invalid  characters  within  each  record. 
Pressure,  temperature,  and  dewpoint  values  were 
tested  to  determine  whether  they  were  within  limits. 
Soundings  were  then  rejected  if  a)  fewer  than  three 
accepted  data  levels  were  found  between  the  surface 
and  the  100  mb  level;  b)  pressure  values  not  mono- 
tonically  decreasing;  c)  no  height  or  station  eleva- 
tion data  were  contained  in  the  record;  or  d)  the 
data  did  not  contain  at  least  one  significant  level 
other  than  the  surface  level. 

2. 3 Primary  Output  Tapes 

Two  types  of  output  tapes  were  produced  by  the 
initial  computer  program.  The  first  provided  one 
record  for  each  accepted  sounding,  and  contained 
indicators  of  data  quality  and  duct  (SRLR)  presence, 
as  well  as  other  significant  quantities  such  as 
surface  pressure,  temperature,  and  dewpoint;  wind 
speed  and  direction;  and  surface  refractivity  gra- 
dients. The  second  tape  provided  one  record  for 
each  duct  or  SRLR  found  during  the  search  process, 
containing  parameters  such  as  heights,  M values, 
minimum  trapping  frequency  and  average  gradient. 
After  completion  of  these  computations,  the  output 
tapes  were  fed  into  a SORT/MERGE  program  which 
sorted  all  the  records  first  by  WM0  station  number. 


165 


( 


PRECEDING  PAG*  BLaJK-NOT  FILMED 

■ - — 


STATISTICAL  OUTPUT 


and  second  by  date-time  group.  The  resulting 
sorted  tapes  contain  a total  of  2,262,447  records 
of  accepted  soundings  on  14  reels,  and  606,266 
records  of  ducts  and  SRLRs  on  two  reels. 

2.4  Profile  Expansion 

Each  accepted  sounding  profile  was  expanded 
to  provide  temperature  and  dewpoint  values  for 
every  2 mb  level  from  the  lowest  to  the  highest 
pressure  value  in  the  input  data;  linear  interpola- 
tion in  temperature  and  dewpoint,  relative  to 
pressure,  was  used  for  this  expansion.  The  standard 
hypsometric  formula  was  applied  to  input  height 
data  contained  in  the  record  to  determine  heights 
associated  with  each  2 mb  level.  Next  the  refrac- 
tivity,  N,  and  modified  refractivity , M,  were  com- 
puted for  each  2 mb  level,  using  the  standard  ex- 
pressions for  refractivity  in  terms  of  pressure, 
temperature,  and  saturation  water  vapor  pressure  at 
the  dewpoint.  When  surface  data  were  provided  in 
the  radiosonde  sounding  record,  the  average  refrac- 
tivity gradients  were  calculated  for  the  first 
50,  100,  500,  and  1000  meters,  in  units  of  N units 
per  kilometer. 

2. 5 Duct  (SRLR)  Search 

A search  upward  through  the  modified  refrac- 
tivity profile  was  performed  to  determine  whether 
one  or  more  ducts  and/or  SRLRs  were  present.  In 
accordance  with  standard  practice  a duct  is  defined 
as  the  height  interval  within  which  the  refractivity 
gradient  is  less  than  -157  N units/km,  or  within 
which  the  modified  refractivity  gradient  is  negative. 
An  SRLR  is  defined  as  the  height  interval  within 
which  the  refractivity  gradient  is  less  than  -100  N 
units/km,  or  the  modified  refractivity  gradient  is 
less  than  57  M units/km. 

Three  types  of  ducts  (SRLRs)  were  defined,  on 
the  basis  of  the  location  of  the  inflection  points 
of  the  M profile;  it  is  these  inflection  points 
which  define  the  duct  boundary  in  height.  If  the 
M gradient  is  negative  at  the  earth  surface,  the 
layer  is  defined  to  be  a surface  duct.  If  the  first 
inflection  point  is  not  on  the  surface,  and  if  the 
abscissa  (M  value)  of  the  second  inflection  point  is 
less  than  the  M value  at  the  surface,  the  layer  is 
defined  to  be  an  elevated-surface  duct.  If  the 
abscissa  (M  value)  of  the  second  inflection  point  is 
greater  than  the  M value  at  the  surface,  it  is  an 
elevated  duct.  Similar  definitions  hold  for  super- 
refracting  layers  (SRLRs).  While  a given  sounding 
or  profile  may  contain  at  most  one  surface  duct 
(SRLR),  it  may  contain  several  elevated-surface  and/ 
or  elevated  ducts  (SRLRs).  At  some  radiosonde  sta- 
tions the  occurrence  of  multiple  ducts  (SRLRs)  is 
not  rare. 

2.6  Parameter  Calculation 

The  output  record  for  each  duct  (SRLR)  con- 
tains the  heights  and  M values  at  the  layer  bottom, 
optimum  coupling  height,  and  top.  For  an  elevated 
or  elevated-surface  duct  or  SRLR  the  height  at  which 
the  M gradient  first  becomes  negative  is  called  the 
optimum  coupling  height;  for  surface  layers  this 
optimum  coupling  height  is  undefined.  The  average 
gradient  in  N units/km  from  the  first  inflection 
point  to  the  duct  (SRLR)  top  is  calculated  and  also 
given  in  the  record.  Finally  the  minimum  trapping 
frequency  is  computed,  using  a numerical  approxima- 
tion to  the  standard  phase  integrals  for  surface 
and  elevated  ducts. 


3. 

All  of  the  volumes  of  results  from  the  Radio- 
sonde Data  Analysis  projects  were  produced  by  the 
analytical  processing  of  these  two  sets  of  primary 
output  tapes,  one  set  containing  one  record  per 
accepted  sounding,  and  the  other  set  containing  one 
record  for  each  duct  or  SRLR.  The  first  of  two 
analysis  programs  using  these  tapes  as  input  pro- 
duced two  lengthy  output  records  for  each  radiosonde 
station,  containing  fundamental  duct  (or  SRLR) 
occurrence  and  surface  parameter  statistics,  given 
on  a monthly  basis  so  that  seasonal  variations 
could  be  observed.  Some  of  these  basic  station 
statistics  such  as  the  percent  of  station  soundings 
which  were  accepted,  were  generated  so  that  the 
reliability  of  the  station  might  be  evaluated. 

The  second  analysis  program  produced  five  out- 
put records  for  each  radiosonde  station.  The  first 
two  records  contain  overall  histograms  of  parameters 
of  surface  and  elevated  ducts  (SRLRs),  as  well  as 
monthly  medians  with  associated  confidence  intervals 
for  additional  parameters.  Histogram  parameters 
include  top,  optimum  coupling,  and  bottom  height  for 
elevated  ducts  (SRLRs);  thickness,  intensity,  aver- 
age N-gradient,  and  minimum  trapping  frequency  for 
both  elevated  and  surface  ducts  (SRLRs).  The  last 
three  records  contain  monthly  histograms  of  elevated 
duct  (or  SRLR)  thickness,  optimum  coupling  height, 
and  coverage  height.  The  (pseudo)  histogram  of 
coverage  height  provides  the  probability  that  each 
specified  height  interval  will  be  contained  within 
a duct  (SRLR). 

3. 1 Listings 

This  massive  quantity  of  statistical  infor- 
mation was  listed  on  a total  of  10  pages  per  sta- 
tion for  each  of  the  924  accepted  radiosonde  sta- 
tions. A station  reporting  fewer  than  100  soundings 
over  the  five  year  period  was  deleted  from  this 
and  subsequent  processing.  These  9240  pages  have 
been  formed  into  a set  of  26  volumes  which  contain 
the  most  extensive  detail  of  the  various  forms  of 
the  published  reports. 

3.2  CALCOMP  Plots 

To  display  a portion  of  these  results  graphi- 
cally a set  of  10  CALCOMP  plots  for  each  station  was 
generated,  showing  monthly  percent  occurrence  and 
various  parameter  distributions  associated  with  the 
ducts  (SRLRs).  One  plot  displayed  results  for 
elevated  ducts,  one  for  surface  ducts,  one  for  ele- 
vated SRLRs  and  one  for  surface  SRLRs.  Three  of 
the  remaining  plots  provided  monthly  histograms  of 
elevated  duct  thickness,  optimum  coupling  height, 
and  coverage  height.  The  remaining  three  plots 
provided  the  same  histograms  for  elevated  SRLRs. 

3. 3 Condensed,  Sorted  Listings 

The  results  for  all  924  stations  were  con- 
densed into  two  volumes  containing  two  kinds  of 
listings  in  eight  formats.  The  first  type  provides 
one  line  per  station  with  statistics  for  both 
reporting  periods  (00Z  and  12Z)  pooled.  The  second 
type  provides  separate  lines  for  the  two  reporting 
periods  so  that  diurnal  differences  can  be  observed. 
The  eight  distinct  formats  list  different  categories 
of  data  so  that  the  reader  may  select  that  which  is 
the  most  useful  to  his  purposes.  Separate  formats 
are  provided  for  input  data  statistics,  monthly  per- 


cent  occurrence,  duct  or  SRLR  parameters,  and  eleva- 
ted or  surface  ducts  or  SRLRs.  These  listings  have 
been  sorted  in  several  ways  to  facilitate  the  study 
of  ducting  climatology. 


Regional  Parameter  Plots 


The  final  and  most  elaborate  presentation  of 
the  results  is  in  a single  volume  consisting  of  260 
pages  with  17  plots  on  each  page.  For  each  of  20 
geographical  regions  there  are  13  pages;  these  13 
pages  display  a total  of  22  distinct  parameters. 

The  purpose  of  this  volume  is  to  permit  a geograph- 
ical understanding  of  the  variations  of  these 
paremeters  and  to  permit  an  estimate  of  the  value  of 
one  of  these  parameters  at  points  where  there  is  no 
radiosonde  station. 


The  world  was  divided  into  20  regions  which 
were  defined  by  the  number  of  reliable  radiosonde 
stations  each  contained  as  well  as  some  degree  of 
geographical  unity.  Each  of  the  13  pages  given  for 
a region  contains  a central  map  showing  the  region, 
and  the  location  of  each  of  the  17  stations  selected 
as  the  best  representatives  for  the  region.  Around 
the  perimeter  of  the  map  are  17  individual  plots, 
one  for  each  selected  station  and  connected  to  the 
station  by  a line  with  an  arrow.  In  general  two 
parameters  are  displayed  on  each  plot,  one  with  a 
solid  line  and  the  second  with  a dashed  line.  On 
each  plot  are  given  the  station  number  and  elevation, 
and  the  sample  size  of  the  displayed  data. 


The  following  parameters  for  each  of  the  17 

stations  are  displayed  in  these  thirteen  pages: 

1)  Monthly  percent  occurrence  of  elevated  ducts 

2)  Monthly  percent  occurrence  of  elevated  SRLRs 

3)  Monthly  median  optimum  coupling  height,  with 
confidence  intervals,  for  elevated  ducts 

4)  Monthly  median  minimum  trapping  frequency,  and 
surface- to-duct  bottom  M gradient 

5)  Distribution  of  coverage  height  for  elevated 
ducts 

6)  Distribution  of  coverage  height  for  elevated 
SRLRs 

7)  Distribution  of  optimum  coupling  height  for 
elevated  ducts 

8)  Distribution  of  optimum  coupling  height  for 
elevated  SRLRs 

9)  Distribution  of  thickness  for  elevated  ducts 

10)  Distribution  of  thickness  for  elevated  SRLRs 

11)  Distribution  of  minimum  trapping  frequency  for 
elevated  ducts 

12)  Distribution  of  intensity  of  elevated  ducts 

13)  Distribution  of  intensity  of  elevated  SRLRs 

14)  Monthly  percent  occurrence  for  surface  ducts 

15)  Monthly  percent  occurrence  for  surface  ducts 

16)  Monthly  median  surface  refractivity  (N^) 

17)  Monthly  median  dN/dH  over  the  first  1000  meters 

18)  Distribution  of  thickness  for  surface  ducts 

19)  Distribution  of  thickness  for  surface  SRLRs 

20)  Distribution  of  minimum  trapping  frequency  for 
surface  ducts 

21)  Distribution  of  intensity  of  surface  ducts 


22)  Distribution  of  intensity  of  surface  SRLRs 
4.  SUMMARY 

The  completion  of  this  very  large-scale  data 
analysis  effort  by  GTE  Sylvania  has  produced  a 
reliable  set  of  world-wide  statistics  on  ducting 
characteristics  as  extractable  from  standard  radio- 
sonde soundings.  Radiosonde  data,  however,  have 
known  limitations.  Because  of  time-lags  and  other 
inaccuracies  in  the  humidity  sensing  element  in 
standard  instruments,  radiosonde  data  tend  to 
provide  an  underestimate  of  ducting  occurrence 
percentages.  A second  difficulty  is  the  difference 
between  instruments  used  in  different  countries. 
Nevertheless,  the  results  of  this  effort  show  the 
long-term  statistical  regularities  of  tropospheric 
ducting,  and  as  such  they  will  be  useful  in  those 
common  situations  in  which  radiowave  propagation 
estimates  are  required  but  there  are  not  available 
any  actual  measurements,  either  from  ref ractometers 
or  even  radiosonde  soundings.  Our  results  contain 
the  first  world-wide  presentation  for  some  of  the 
ducting  parameters  and  so  provide  the  opportunity 
for  new  insight  into  the  climatology  of  tropospheric 
duct ing. 


